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  The increasing manufacture, production, and incorporation of engineered 
nanomaterials (ENMs) into consumer products have raised several concerns regarding their 
persistence and impact upon release into the environment. Determining the environmental risk of 
these materials requires knowledge of their hazard (ecotoxicity) and exposure (environmental 
concentration). While ecotoxicological research has a number of obstacles to overcome, the 
determination of environmental concentration, physicochemical state, and transport of ENMs is 
compounded with its own analytical challenges. Many current analytical techniques lack the 
required sensitivity and selectivity to detect these materials at low concentrations (ng L-1) and in 
complex environments which may contain materials similar in size and composition. In recent 
years, single particle ICP-MS (spICP-MS) has been developed as an analytical technique capable 
of overcoming these challenges despite being limited by a narrow working range and inherent 
complications arising from molecular interferences. The work presented in this thesis details 
studies into the behavior of ENMs with naturally occurring nanomaterials, as well as the 
significant improvements that have been made in the detection and characterization of ENMs in 
environmental systems. The results demonstrate how the surface coating of these engineered 
nanoparticles can affect their interaction with other naturally occurring nanomaterials, impacting 
their fate and transport. New analytical metrology was developed to overcome many of the 
challenges associated with detecting and characterizing ENMs in complex matrices. Lastly, a 
number of analytical techniques are discussed that may help discern engineered and naturally 
occurring nanomaterials from one another by monitoring elemental ratios and the size 
distributions of these materials. Sensitive analytical techniques, such as those developed in this 
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1.1. Nanotechnology industry and applications 
The past two decades have seen an exponential increase in the production and utilization  
of nanoscale materials. The constant improvement methods for the synthesis and controlled 
manufacture of these materials has led to their ubiquity in several consumer and industrial 
products ranging from textiles, sunscreens, polishing slurries, and biomedical imaging.1, 2 
Consequently, the global market value for nanotechnology has similarly seen a significant 
increase, with an expected global market value exceeding $1.5 trillion by the year 2015.3, 4  
 The utility of nanomaterials arises from their unique properties resultant from their small 
size. A commonly accepted definition of a nanomaterial, is a material that possesses at least one 
size dimension between 1-100nm. The resulting structures from this definition can be: films and 
plates (2-dimensional), tubes and wires (1-dimensional), and particles (0-dimensional).5 Though 
this definition encompasses a significant portion of existing nanomaterials, it may be more 
appropriate to define nanomaterials by the size at which their chemical and physical properties 
deviate significantly from their bulk counterparts.6 Such properties include enhanced specific 
surface area resulting in increased reactivity, and for some materials, size-dependent optical, 
electrical, and magnetic properties. 
 Nanomaterials can be comprised of a variety of constituents, but may broadly fall into 
five categories. Zero-valent materials such as gold and silver have found use as catalysts and 
bactericides. Metal oxides are commonly used in sunscreen and cosmetics formulations. 
Semiconducting nanomaterials have been used in the electronics industry, as well as in 
biomedical application due to their size-specific fluorescent emission. Carbon-containing 
2 
 
nanomaterials such as carbon nanotubes and fullerenes are promising for both their electrical and 
strength properties. Lastly, dendritic polymers have been applied as both chemical sensors and 
vectors for drug delivery. These compositions and applications are summarized in table 1 
below.5  






Typical Applications Refs 
Zerovalent metals Au, Ag, Fe Catalysts, bactericides, 
groundwater remediation 
7,8,9 
Metal oxides SiO2, TiO2, ZnO, CeO2 Photocatalysts, pigments, 
sunscreens, cosmetics, 
polishing agents  
10,11,6 















1.2 Nanomaterials in the environment 
As a result of their many applications and wide-spread use, the release of these 
engineered nanomaterials (ENMs) into the environment is inevitable. As part of a global 
initiative to responsibly develop nanotechnology, the United States government created the 
National Nanotechnology Initiative (NNI) to address important aspects of the economic, 
environmental, and societal impacts that nanotechnology will have. One of these goals of the 
NNI Strategic Plan specifically calls for the development of accurate and predictive modeling of 
nanomaterials exposure to the environment and human health.16 However, upon release into the 




  Developing an accurate model for nanomaterial release and impact on the environment 
(e.g. life-cycle assessment) requires knowledge of both their hazard (ecotoxicity) and their 
exposure (environmental concentrations) to define their risk. Not only are these environmental 
matrices very complex, but various environmental processes can affect and alter the 
physicochemical state of the nanomaterial (figure 1.1). 
 
 
Figure 1.1 Potential transformations of nanomaterials in the environment. Adapted and 
modified from Alvarez et al.17 
 
 Many of these environmental processes can significantly alter the chemical state of the 
nanomaterial, increasing the difficulty of detecting and characterizing them in environmental 
samples. Dissolution and oxidation-reduction reactions are expected to be a common 
environmental process that alter the pristine chemical state of the nanomaterial. For instance, 
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ENPs comprised of soft metal cations (e.g. silver, zinc, copper) are highly susceptible to 
dissolution and complexation with environmental ligands. This is commonly seen with silver 
nanoparticles that oxidize to silver ions (Ag+) and go on to form insoluble precipitates (e.g. 
Ag2S, AgCl).
18-20 Other materials may not fully oxidize, and instead form an oxide shell as 
commonly seen with zero-valent iron nanomaterials.9 Other oxidation-reduction reactions can 
result in the generation of reactive oxygen species, a harmful chemical constituent that is 
cytotoxic and causes DNA damage, but also provides a means to detect certain nanomaterials 
(e.g. carbon nanotubes) in the environment.21, 22 
 Another likely transformation of ENMs in the environment are changes that occur to their 
surface coatings. Many nanomaterials are engineered with a surface coating of covalently-bound 
polymers or weakly adsorbed electrostatic stabilizers to maintain their monodispersity in 
solution. Many of these coatings can be lost either through photodegredation, abrasion, or over-
coating of environmental molecules such as humic substances.23-26 In systems rich with 
biological materials (e.g. proteins), a protein corona can be formed to facilitate a nanomaterials 
interaction with a biological or cellular interface.27, 28 Subsequently, alteration to ENMs coatings 
impacts their detection in the environment, as well as their fate and transport through the aqueous 
environment; the loss of these stabilizing forces may result in aggregation (or 
heteroaggregation), limiting their transport.24, 29 
 Beyond the transformation of these ENMs in the environment, the difficulty of detecting 
these materials is further compounded by the near-ubiquitous presence of naturally occurring 
nanomaterials (NNPs) in the environment. These materials, formed through both biological and 
abiotic pathways, are generally present at concentrations much higher (1-1000 mg L-1 in surface 
waters) than the expected release concentrations of ENMs (ng L-1).30-32 These natural materials 
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have been found to follow Pareto’s power law (particle number concentrations logarithmically 
increase with particle size decrease), ensuring a broad size distribution and high concentrations 
particularly in the nano-size regime.33 In addition to their abundance, they can further complicate 
elemental detection of ENMs as many of these NNPs have chemical compositions analogous to 
common engineered nanomaterials (Table 1.2). The properties of these NNPs and their 
abundance create a system which make the detection and characterization of ENMs extremely 
difficult. 
Table 1.2 Naturally occurring nanomaterial compositions and properties34-37  
 
Material Composition Characteristics 
Clay fraction Variable Al, Si, O with other 
metallic cations 
Provide ubiquitous surface for 
particles to bind to. Possible to have 
different charges on basal planes 
(positive) and edges (negative) 




High specific surface area, strong 
binding affinity for metallic 
contaminants 
Metal sulfides Ag2S, ZnS, CdS, FeS Size-dependent morphology, 
frequently present in anoxic 
environments associated with 
microbial processes 
Humic substances Variable C, H, O, N, abundance of 
carboxylic acid and phenolic groups 
Can impart stability to particle 
suspensions due to abundance of 
carboxyl and phenolic groups; might 
be more appropriately described as 
dissolved species 
   
1.3 Current state of nanometrology 
In order to accurately assess the hazard and exposure of engineered nanomaterials, the  
analytical techniques employed must address metrics such as size, particle number concentration, 
surface chemistry, and aggregation state.38 Many of the detection and characterization techniques 
utilized in the analysis of engineered nanomaterials provide ample size and concentration 
information for pristine systems, but are hampered by inadequate sensitivity and specificity in 
environmental samples.  
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In most cases, it is useful to separate particles according to their size, as commonly 
achieved using either filtration or centrifugation. These separation methods are inherently subject 
to a variety of artifacts and can introduce aggregation effects that eliminate the 
representativeness of the sample. Other separation techniques such as field-flow fractionation 
(FFF),39-41 hydrodynamic chromatography (HDC),42, 43 and size exclusion chromatography 
(SEC)44 improve the ability to distinguish between particles of different sizes, but are also 
hindered in the presence of NNPs and may require concentrations higher than the expected 
release concentrations of ENMs.  
One of the most important parameters to measure for nanomaterials is their size, as this 
drives many of the nano-specific properties of these materials. Common ensemble sizing 
techniques such as dynamic light scattering (DLS) and multi-angle light scattering (MALS) are 
useful for a rapid determination of size in monodisperse solution of nanomaterials. However, 
because larger particles scatter light more intensely, this results in misinterpreted data when 
analyzing polydisperse systems. In addition, their lack of elemental specificity requires 
orthogonal analysis in order to differentiate between different particle populations. Single 
particle sizing techniques such as transmission and scanning electron microscopy (TEM and 
SEM respectively) provide greater specificity in the analysis of ENMs. This allows for the 
differentiation between ENMs and NNPs in these systems particularly when elemental 
composition can be obtained using energy dispersive x-ray spectroscopy (EDX).45-47 However, 
the drying step required to analyze these materials introduces a variety of artifacts that can lead 
to erroneous conclusions regarding the size and aggregation state of these materials. Some 
advances have been made by utilizing environmental SEM and WetSEM™ to size particles in 
situ, but these techniques lack the high throughput needed in some cases to assess the risk of  
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these materials in the environment.48 














FFF, HDC, NTA 
- Introduction of artifacts from sample drying 
(TEM/SEM) 
- No elemental specificity (DLS) 
- Inability to differentiate between ENMs and 
NNPs of similar elemental composition (sP-
ICP-MS, TEM, SEM) 
- Obstructed by high background of natural 
particles (sP-ICP-MS, TEM, SEM, DLS, FFF) 
- Analysis of samples in 
situ with minimal sample 
preparation 
- Elemental specificity to 
differentiate between 
dissimilar nanomaterials 
- Requires another 
measured property to 
differentiate between 
particles of similar 
elemental composition  
Surface 
groups 
NMR, FTIR, Zeta 
potential 
- Original coating may have been replaced or 
overcoated in the environment (NMR, FTIR, 
Zeta potential) 
- Ensemble techniques unable to characterize 
individual particle populations without prior 
fractionation steps (FTIR, NMR, zeta potential) 
- Ability to differentiate 
between different 
particle populations in 
situ 
- Knowledge of how 
surface groups are 
attached may help 






- Unable to determine aggregates from single 
particle without parallel imaging/sizing 
technique 
- NTA is nonspecific for particle type 
 
- Require knowledge 
pertaining to aggregation 






- Unable to discern particles of natural or 
engineered origins  
- May require acidification, eliminating particle 
integrity (ICP-MS, ICP-OES) 
- Sample preparation may alter sample 
representativeness 
- Determination of 
elemental composition in 
situ with additional 
sample preparation (i.e. 
acidification) 
General Considerations 
Mass detection limit 
- ENMs are expected to enter into the environment at very low 
concentrations (ppt) 
Size detection limit - Most nanomaterials are between 1–100nm (many smaller than 20 nm) 
Aggregation state 
- Some nanomaterials are not expected to preserve monodisperse state in 
the environment 
- Degree of dispersion/aggregation is not static and will likely vary in time 
- Need ability to discern aggregated from single particle material. 
Naturally occurring 
nanomaterials 
- Concentration of NNPs in the environment are several orders of 
magnitude above that of ENMs (ppm vs. ppt) 
- Some NNPs have similar elemental composition and morphologies to 
ENMs. 
- Natural nanoparticles tend to be very polydisperse and can interact with 
ENMs in the environment. 
8 
 
Other analytical techniques are summarized in table 1.3: assessing their virtues, 
drawbacks, and establishing important considerations needed when characterizing these 
nanomaterials in the environment. An overview of current analytical nanometrology  
highlights the need for a technique that is element-specific, so as to distinguish between 
environmental and engineered nanomaterials; as well as one sensitive enough to detect ENMs at 
environmentally relevant concentrations. As a result, a new mode of inductively coupled plasma 
mass spectrometry (ICP-MS) has been developed with the capability of detecting and 
characterizing nanomaterial in complex biological and environmental media.  
1.4 Single particle ICP-MS 
Single particle ICP-MS (spICP-MS) was initially developed to  
analyze aerosol samples containing mineral colloids49-52 but has since become a premiere 
analytical technique for the analysis of engineered nanoparticles in environmental and biological 
samples.53 The principles of spICP-MS rely on using short data acquisition times (dwell times) to 
capture single nanoparticle events arising from the ion cloud generated from nanoparticle 
ablation in the ICP plasma (figure 1.2).54  
There are many advantages to using ICP-MS for the analysis of nanoparticles in 
environmental samples. The elemental specificity of ICP-MS allows for differentiation between 
nanoparticles of dissimilar elemental composition, and the sensitivity of this technique permits 
detection limits down to low part-per-trillion (ppt) concentrations. These attributes make it an 
ideal candidate for the analysis of nanomaterials in biological and environmental matrices. As 
such, this technique has been used to characterize a variety of ENMs ranging from metallic gold 
and silver nanoparticles54-57, metal oxides of zinc and titanium58, and carbon nanotubes59 in both 
environmental54 and biological systems.60 However, conventional spICP-MS using millisecond 
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dwell times is limited to analyzing dilute solutions of nanoparticles and in low concentrations of 
dissolved analyte. In order to extend the application of this technique to a broader range of 
environmental systems, significant improvements were required to better assess the risk these 
nanomaterials may pose to the environment.  
 
 
Figure 1.2  Analysis of nanoparticles by spICP-MS result in pulses of intensity that correlate 
to nanoparticle mass 
 
1.5 Thesis objectives 
 The work undertaken during the course of this doctoral work was to investigate the 
behavior of inorganic nanoparticles in environmental systems and to improve upon current 
analytical techniques to better characterize these materials in environmental systems. 
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 The first project, presented in chapter 2, concerns the heteroaggregation of an engineered 
nanoparticle (quantum dots) with a model naturally occurring nanoparticle (hematite) under 
different aqueous conditions. Heteroaggregation is the process by which two particle populations 
of dissimilar composition, come together under electrostatic and/or van der Waals forces to form 
larger aggregates.61, 62 This is an important process in the environment that may limit the 
transport of engineered nanomaterial upon release into the environment. Fluorescence 
spectrophotometry and inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
was employed to monitor the removal of quantum dots from solution as a result of 
heteroaggregation with the oppositely charged hematite nanoparticles. This work highlighted 
how different surface coatings may affect the transport of ENPs in the environment, but also 
epitomized the need for analytical techniques that demonstrated greater sensitivity and 
specificity toward engineered nanomaterials in complex systems. 
 The limitations of current analytical nanometrology highlighted in the first project 
illuminated the need for more sensitive and specific nanometrology. Though spICP-MS had been 
widely applied, it was still limited by several analytical challenges arising from dwell times 
(10ms) that were larger than the nanomaterial event (500μs).63 Chapter 3 examines the use of 
microsecond dwell times to overcome several analytical challenges such as analyzing at high 
particle number concentration and amidst high dissolved background concentrations.64 In 
addition, the implementation of microsecond dwell times open the door for establishing the 
elemental ratios of multiple elements on a particle-by-particle basis. The advances made in this 
work further the development of nanometrology required to accurately assess the environmental 
concentration of ENPs in complex matrices. 
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 Chapter 4 employs several ICP-MS approaches to detect and characterize silica 
nanoparticles and colloids. The detection of silicon by ICP-MS is impeded by the presence of an 
ubiquitous molecular interference in dinitrogen (N2
+), which possess an identical mass-to-charge 
(m/z) ratio as the silicon ion (Si+ = 28 a.m.u.). Conventional means of reducing or removing this 
interference, such as a helium collision gas or ammonia reactive gas, were tested. In addition, the 
implementation of microsecond dwell times with and without the use of a collision or reaction 
gas were employed to improve the size detection limit of spICP-MS for the sizing of these 
silicon NPs. This work demonstrates the various approaches that can be taken to accurately 
determine the presence and size of inorganic nanomaterials that have abundant molecular 
interferences that obstruct their detection and characterization in environmental samples.  
 With the advances being made in the field of nanometrology, chapter 5 presents an 
overview of the current state-of-the-art of nanometrology as well as possible future directions. 
Specifically, this work presents various proposed approaches that may be taken to discern the 
presence of engineered nanoparticles from naturally occurring nanomaterials and colloids. The 
presence of these NNPs will be a major challenge to the accurate determination of the presence 
and concentration of ENPs in environmental samples. The three approaches discussed include a 
bulk analysis of the elemental ratios, elemental ratio analysis accompanied by a size fractionation 
step, and particle-by-particle analysis of elemental ratios as a means of differentiating between 
these two particle populations.65 With the continued development of nanometrology, the ability 
to accurately distinguish between engineered and naturally occurring nanomaterials is an 
important analytical challenge to overcome. 
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 This thesis concludes in chapter 6, providing various feasible future projects whose 
completion will aid in the pursuit of developing accurate risk assessment models for ENPs and 






HETEROAGGREGATION BETWEEN QUANTUM DOTS AND HEMATITE 
COLLOIDS: IMPLICATIONS FOR NANOMATERIAL FATE AND TRANSPORT 
 
2.1 Introduction 
 Nanotechnology, the development and use of materials with at least one size dimension 
between 1-100nm, continues to expand at a quickening pace.66, 67 The number of consumer 
products confirmed to contain engineered nanomaterials (ENMs) has risen dramatically in recent 
years, leading to concerns of the environmental impact upon release into the environment.68, 69 
Upon release into the environment, it is highly unlikely these ENMs will maintain their 
engineered morphology and structure and be subject to a variety of degradation and weathering 
processes that may alter their toxicity, fate, and transport in the environment.70, 71  
The ability of these materials to move through the aqueous environment will be 
dependent on their dispersability in the media, as larger aggregates are more likely to settle and 
deposit according to Stokes Law of settling.72-75 Aggregate formation can result from either 
homoaggregation or heteroaggregation.76-78 Homoaggregation is the process by which materials 
of the same composition come together to form larger aggregates.24, 25 This can be described by 
DLVO theory, where the electrostatic potential of the particles is reduced to a point where the 
attractive (van der Waals) forces overcome them, allowing for particle to aggregate. The 
reduction of the electrostatic potential is achieved either through the compression of the Debye 
length via high ionic strength, or through neutralization of the surface charge by higher valency 
ions of opposite charge or oppositely charged particles.79-81 Heteroaggregation is the process by 
which particles of dissimilar composition are brought together into larger aggregates. This 
frequently occurs when particles are oppositely charged, resulting in electrostatic attraction 
and/or surface charge neutralization.61, 62, 82 The surface charge of the particle will also be pH-
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dependent, as a consequence of the imbalance between hydronium and hydroxide surface ions 
which impart a positive or negative charge respectively.61, 62  
Upon release into the environment, ENMs will encounter systems with variable pH and 
an assortment of naturally occurring nanomaterials (NNPs) which may be oppositely charged to 
the surface charge of the ENM. These systems will undoubtedly alter the dispersity of the 
released ENMs, which can limit their transport through the environment. Other environmental 
processes, such as over-coating by humic substances (e.g. humic and fulvic acid) can impart a 
strong surface charge to the ENMs and keep them dispersed.24, 83 In addition to aggregation with 
particles, many nanomaterials may adsorb to immobile mineral surfaces, which will also limit 
their ability to move through the environment. Beyond the implications for transport in the 
environment, aggregation of ENMs will also impact their toxicity.29, 84, 85 The reactivity of 
nanomaterial is highly dependent on the surface area available for reactions.86, 87 Consequently, 
the aggregation of nanomaterials not only limits the surface area available for the generation of 
cytotoxic molecules (e.g. reactive oxygen species), but also inherently limits their ability to 
traverse the cell membrane as a result of their larger size.84, 86 
There is currently a large collection of scientific literature that has investigated the 
potential for engineered nanomaterials to homoaggregate in environmental systems. Specifically, 
it has been recognized that naturally occurring macromolecules, such as humic substances, will 
play a significant role in the aggregation of ENMs in the environment.24 However, there are still 
relatively few reports into the heteroaggregation of ENMs with naturally occurring 
nanomaterials. NNPs are known to exist in much larger quantities (1-1000 mg L-1)30 when 
compared to the expected release concentrations of ENMs (ng L-1).2, 5, 38 Subsequently, it can be 
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expected that this will be a common mechanism for the aggregation of ENMs in the 
environment.88 
This project aims to investigate the aggregate formation of cadmium-selenide quantum 
dots (QDs) in the presence of a model naturally occurring nanomaterial, hematite (Fe2O3). 
Hematite persists as a naturally occurring colloid that has been known to adsorb and transport 
uranium and arsenic in the environment.89 The surface charge of hematite is positive at pHs 
below 7.5-8.5,72 providing an ideal surface for negatively charged ENMs to be electrostatically 
attracted to. QDs of different surface charges were employed to investigate the effect of surface 
charge on the aggregation of these materials in natural environment.  
Quantum dots are semiconductor nanomaterials which exhibit unique, size-dependent 
optical properties at the nanoscale, as a result of quantum confinement.90 The emission 
wavelength of these materials are narrow and size-dependent, making them ideal for fluorescent 
imaging.91 Their nano-enabled properties make them attractive materials for use in cell-specific 
biomedical imaging and targeted drug delivery.92 However, these quantum dots are frequently 
comprised of toxic materials, such as cadmium and selenium, that could produce significant 
toxic effects.12, 93, 94 In addition, some research has demonstrated that the coatings of these 
materials may also play a significant role in their toxic action.93, 95 Subsequently, it can be 
expected that any environmental processes that either enhance or limit the diserpsity of these 
molecules can significantly impact their ecotoxicological impact on the environment.  
 To monitor the growth and settling of aggregates, quantum dots and hematite 
nanoparticles were mixed together and allowed to settle during formation of aggregates. The 
concentration of quantum dots in solution was monitored by sampling aliquots off the top of the 
mixture and subjecting these aliquots to fluorescence spectrophotometry and ICP-OES analysis 
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for cadmium and iron concentrations. In addition to investigating the effects of surface coating 
on the aggregation of these materials, different aqueous parameters were altered such as valency 
of the added salt and the addition of fulvic acid. It was determined that surface groups do play a 
significant role in the aggregation of these materials, but the use of fluorescence 
spectrophotometry may not be an adequate technique to measure the aggregation and subsequent 
settling of these materials. 
2.2 Methods and Materials 
 The following sections describe the chemical reagents, instrumental parameters, and 
experimental setup used to collect the data presented within this chapter. 
2.2.1 Quantum dots 
 The QDs used in this study were purchased from Ocean Nanotech, LLC. And 
were comprised of a cadmium selenide core, zinc sulfide shell, and were capped with a 
monolayer of octadecylamine (ODA) and a layer of an amphiphilic polymer (AMP). AMP 
contains a reactive group that governs the surface charge of these materials. For the negatively 
charged quantum dots this group is a carboxylic acid (COOH). The neutral quantum dots were 
additionally capped with a polyethyleneglycol (PEG) layer functionalized with an amine group 
(NH2). Finally, the positively charged QDs contained polydiallyldimethylammonium chloride 
(PDDA) as their reactive group. Each QD type has an emission peak of 580nm, governed by 
their nanocrystal size of 4.6nm.96, 97 The hydrodynamic diameter of these particles is 
approximately 20nm, taking into account the core size and subsequent capping layers (properties 
summarized in table 2.1). Throughout this paper the different quantum dots will be designated as 
follows: QSH (-) for the negatively charged quantum dots, QSA (N) for the neutral quantum 
dots, and QSQ (+) for the positively charged quantum dots. 
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QSQ(+) -580-02 +50 mV 580 CdSe/ZnS/ODA/AMP-COOH 
QSA(N)-580-02 -10 to +20 mV 580 CdSe/ZnS/ODA/AMP/PEG-NH2 
QSH(-)-580-04 -30 to -50 mV 580 CdSe/ZnS/ODA/AMP-PDDA 
 
2.2.2 Hematite nanoparticles 
 The hematite nanoparticles used in this study were synthesized using a modified 
procedure from Penners and Koopal.98 Briefly, this procedure involved the forced hydrolysis of 
iron (III) chloride by refluxing a solution of 0.018 M FeCl3 in 3.75x10
-3 M trace-metal grade 
hydrochloric acid (Fisher Scientific). This solution was incubated at a temperature of 100o C for 
approximately 24 hrs. The resulting solution was then cooled to room temperature and 
subsequently centrifuged at 10,000 RPM for 90min. The supernatant was decanted to waste, and 
the resulting particle in the infranatant was resuspended in 1x10-3 M HClO4. To increase the 
diameter of these particles, this process was repeated with a volume of seed particles to promote 
the growth of hematite particle with larger diameters. This process was repeated until hematite 
particles of 160nm were obtained. The size of these particles was determined by dynamic light 
scattering (Malvern Zetasizer, nanoZS) as shown in figure 2.1. In addition, TEM images were 
also obtained (FEI CM2000) as shown in figure 2.2. Zeta potential for particles was determined 
using laser Doppler velocimetry (Malvern, Zetasizer, nanoZS). 
2.2.3 Fluorescence spectrophotometry 
 All fluorescence measurements were obtained using a Horiba Jobin Yvon Fluoromax-4 
spetrophotometer. Single point fluorescence measurements were carried out using an excitation 




Figure 2.1 Hematite size as determined by dynamic light scattering. 
 
 
Figure 2.2 TEM image of synthesized hematite 
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peak fluorescence wavelength of the quantum dots. This excitation-emission wavelength pair 
was determined by recording a 3-dimensional scan of the quantum dots, showing the most 
intense peak exhibited at 580nm, when excited at 395nm wavelength as shown in figure 2.3.  
 
Figure 2.3 3D scan of fluorescence intensity for QSH (-) CdSe quantum dots. 
2.2.4 ICP-OES measurements 
 Elemental concentration was determined using inductively coupled plasma-optical 
emission spectroscopy, performed using a Perkin Elmer ICP-OES 5300. Both cadmium and iron 
concentrations were monitored with time to quantify the rate of aggregation and settling. A 
reduction in either of these elements was seen as a result from heteroaggregation. Prior to 
analysis, the collected aliquot was acidified with trace-metal grade nitric acid (Fisher Scientific) 
to ensure the concentrations measured were not subject to the inherent dynamic nature of 
colloidal particles in solution. 
2.2.5 Aggregation and sedimentation experiments 
The mixtures were prepared by suspending 10μL of the stock 8μM quantum dot solution 
into a 40 mL volume, resulting in approximately 1.2x1015 particles L-1 (approximately 200ppb 
Cd). The 160nm hematite nanoparticles were suspended by adding 0.5mL of hematite (stock 
20 
 
solution of 350ppm determined by ICP-OES) into 40mL of solution resulting in a particle 
number concentration of 3.9x1011 particles L-1 (approximately 4.8ppm Fe). All solutions were 
adjusted to a pH of 4 using hydrochloric acid (ACS grade, Malinckrodt), to ensure the hematite 
would remain positively charged throughout the duration of the experiment. The solution were 
dispersed in 100mL Teflon containers using a sonication bath after mixing, but no further 
agitation was employed throughout the timed experiments.  
At each separate time point, a 1mL aliquot was collected from approximately 1cm from 
the surface of the container and analyzed for fluorescence intensity and elemental concentration 
by ICP-OES. A loss in cadmium and iron from solution was chosen as a metric for particle loss 
and settling as a result of heteroaggregation. Additionally, a loss in fluorescence was assumed to 
be a function of settling, as fewer quantum dots present in the aliquots at the top of the mixture 
(i.e. those that had not settled due to aggregation) would result in a loss of fluorescence intensity 
with time.  
2.3 Results and Discussion 
 The following sections detail the interpretation of the data as well as how this data may 
pertain to answering future research questions within this field. 
2.3.1 Influence of quantum dot surface coatings 
 The first aggregation study investigated the effects of surface coatings on the aggregation 
and were performed in deionized water adjusted to a pH of 4 using hydrochloric acid. At various 
time points over a 30-hr time period, aliquots were taken from the top of the mixture and 
analyzed for fluorescence and elemental concentrations. Figure 2.4 below shows the 
fluorescence intensity at various time points throughout the experiment normalized to the initial 
fluorescence intensity at t0. At these conditions, the only quantum dot carrying an opposing 
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surface charge to the hematite are the negatively charged QSH (-) QDs. However, as shown in 
figure 2.3A, all quantum dot-hematite mixtures exhibit a loss in fluorescence intensity with time. 
Moreover, figure 2.3B shows there is also some loss in fluorescence intensity in the absence of 
hematite nanoparticles, which could potentially be misconstrued as aggregation and settling. 
 
Figure 2.4 Fluorescence intensity with time (n=3). A) Mixtures of quantum dots and 
hematite, B) Quantum dots in identical media, without hematite nanoparticles. 
 In addition to fluorescence measurements, the concentration of cadmium in the aliquots 
was also determined using ICP-OES. The aliquot was sampled, acidified with nitric acid, and 
subsequently diluted prior to analysis. Figure 2.4 presents the normalized cadmium 
concentrations in both aliquots collected from quantum dot-hematite mixtures, as well as 
quantum dot solutions without hematite. Contrary to the fluorescence measurements, only the 
negatively charged quantum dots in the hematite mixture showed a significant decrease in 
cadmium concentrations with time, while the other two solutions remained stable throughout the 
experiment. Additionally, figure 2.4B shows that without hematite, the concentration of 





Figure 2.5 Normalized cadmium concentrations with time. A) Quantum dot-hematite 
mixtures, B) Quantum dot solutions without hematite. 
 The iron concentrations were also determined for each of the sampled aliquots. Figure 2.6 
shows the normalized iron concentration graphed against the normalized cadmium 
concentrations. Similar to figure 2.5A, only the negatively charged quantum dots showed an 
appreciable decrease in cadmium that was also consistent with the decrease in the normalized 
iron concentration. This exponential decay is suggestive that comparatively low concentrations 
of quantum dots were required to remove the majority of the hematite from solution. Greater  
 
Figure 2.6 Normalized cadmium concentrations against normalized iron concentrations in 








 Further evidence of aggregation was obtained using time-resolved dynamic light 
scattering (TR-DLS) to study aggregate growth in the quantum dot hematite mixtures. Instead of 
sampled time points, the quantum dots and hematite nanoparticles were mixed in the DLS 
cuvette and analyzed at 15 second intervals for one hour. Figure 2.6 shows the aggregate growth 
trend for the hematite over time, using the normalized diameter of the hematite relative to t0. The 
solution containing hematite and the negatively charged QSH (-) QDs showed an increase in 
hydrodynamic diameter over the given time interval, where the two other quantum dot-hematite 
mixtures (QSA (N) and QSQ (+)) showed little to no increase in the hydrodynamic growth of the 
hematite nanoparticles. The slight decrease in hydrodynamic diameter might be explained by 
possible settling of the larger hematite particles, leading to a disproportionate number of smaller 
particles in the path of the light source.  
 
Figure 2.7 Time-resolved dynamic light scattering showing an increase in relative 
hydrodynamic diameter for the hematite nanoparticles in the presence of 




 Consistent with DLVO theory, the negatively charged particles exhibited tendency to 
aggregate with the positively charged hematite particles. However, the QD fluorescence was 
found to decrease regardless of quantum dot surface charge and with and without the presence of 
hematite, suggesting and additional quenching mechanism. Consequently, fluorescence intensity 
was determined to be an inappropriate metric for monitoring the growth of hetero-aggregates in 
this study. The following experiments instead focused on monitoring cadmium and iron 
concentrations in solution with time, as these were found to be more representative of the 
removal of particles from solution. 
2.3.2 Influence of aquatic chemistry 
 The previous experiments were meant to investigate the heteroaggregation of ENMs and 
NNPs, considering only the effect of the QD surface charge. However, upon entry into the 
environment, these systems will be subject to a variety of different aqueous compositions, all of 
which can have a significant impact on the aggregation of these materials in environmental 
systems. High ionic strength in these systems can enhance aggregation through electrical double 
layer compression, reducing the efficacy of the surface charge repulsion between particles that 
maintains colloidal stability. Other environmental molecules, such as humic substances, can 
impart greater stability to ENMs released into the environment as these acids possess a strong 
negative charge that would prevent aggregation and settling.  
 For these experiments, different media conditions were used: 50mM CaCl2, 50mM 
Na2SO4, and 10ppm Suwanne River fulvic acid (IHSS, Minneapolis, MN). The divalent cations 
and anions for CaCl2 and Na2SO4 respectively, were employed to exaggerate the effects of ionic 
strength on the aggregation behavior of these particles.  Figure 2.7 shows the normalized loss of 
cadmium from solution at the end of the experiment. Consistent with previous results in 
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deionized water, the negatively charged QSH (-) quantum dots showed significant loss in 
cadmium in most media. Additionally, the presence of CaCl2 enhanced the removal of these 
particles, even without the presence of hematite nanoparticles, likely due to electrical double 
layer compression. Similarly, the divalent sulfate ion (SO4
2-) in the 50mM Na2SO4 mixtures 
facilitated the aggregation of the positively charged quantum dots (QSQ(+)) with hematite. 
Lastly, it was determined that the presence of fulvic acid imparted significant stability to the 
quantum dot-hematite mixtures, resulting in very little cadmium loss across all quantum dot 
surface types. 
 
Figure 2.8 Ratio of cadmium concentration after 26 hrs of exposure relative to initial 
cadmium concentration. A) Cadmium loss in mixtures containing both quantum 
dots and hematite nanoparticles. B) Cadmium loss in solutions containing only 
quantum dots, without the presence of hematite. 
 These differences in cadmium loss can be explained by how the aqueous composition 
affects the surface charge of these particles. Figure 2.8 shows the zeta potential in the different 
media for both the negatively charged (QSH(-)) and positively charged (QSQ(+)) quantum dots, 
as well as the hematite nanoparticles. At pH=4, the hematite nanoparticles are positively charged 
in the media, though the addition of CaCl2 did lower the surface charge. The addition of fulvic 
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acid imparted a strong negative charge to the hematite, which likely resulted in a stable solution 
due to electrostatic stabilization. The quantum dots generally maintained their initial surface 
charge across all the media types. However, the surface charge was also reduced in the 50mM 
CaCl2 solutions, though did not significantly impact the aggregation of the quantum dots with the 
hematite. 
 
Figure 2.9 Zeta potential of quantum dot and hematite nanoparticles in different media, 
showing how surface charge is affected by the aqueous composition. 
 
2.3.3 Dissolution investigation 
 A potential hypothesis as to why a fluorescence decrease was seen irrespective of 
cadmium loss could be that the quantum dots are dissolving, maintaining a cadmium 
concentration in solution but decreasing their fluorescence intensity. This was first examined in 
figure 2.9, where a 2D fluorescence scan of the quantum dots examined the quantum dot 
fluorescence at a constant emission wavelength but examined different emission wavelengths. 
The peak fluorescence emission peak for these quantum dots is 580nm, which remains the most 
intense fluorescent wavelength across a 72-hr time period. If the quantum dots were dissolving, it 
can be expected for the emission wavelength to shift to shorter wavelengths, as described by an 




Figure 2.10 Two-dimensional fluorescence scan of QSQ (+) quantum dot with time. 
fluorescence emission decreases without shifting, it can be expected that quantum dot dissolution 
is not responsible for the loss of fluorescence intensity with respect to time for the aggregation 
experiments. 
 To further confirm the absence of dissolution, solutions of the quantum dots were 
subjected to centrifugal filtration using 30,000 kDa filters. Figure 2.10 shows the difference in 
cadmium concentrations determined in both raw and filtered sample. Though some cadmium can 
be seen in the filtrate, it is likely due to excess cadmium from the synthesis of the quantum dots. 
 
Figure 2.11 Cadmium concentration in bother filtered and unfiltered quantum dot solutions 
after 24hrs. A) Raw and filtered cadmium concentration for QSH(-) quantum 
dots. B) Raw and filtered cadmium concentration for QSA(N) quantum dots. C) 
Raw and filtered cadmium concentration for QSQ(+) quantum dots 
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 Despite relatively low amounts of cadmium appearing in the filtrate, it was hypothesized 
that it was still possible for the QDs to be dissolving, but instead adsorbing onto the filters as 
they were subjected to centrifugal filtration. To ensure that this want not the case, a solution of 
cadmium nitrate was prepared and subjected to the same conditions. Figure 2.11 shows these 
results, which demonstrate that all the free Cd2+ present in the raw samples of cadmium nitrate 
were also present in the filtrate of the solution.  
 
Figure 2.12 Concentrations of cadmium present in both raw and filtered solutions of cadmium 
nitrate. 
 As these experiments showed that dissolution is not likely the culprit of fluorescence 
loss; some other quenching mechanism must be responsible for the loss in fluorescence intensity 
with time. Further work is needed to address the cause of fluorescence loss with time, as this 
may have implications for the detection and reactivity of these semiconducting materials in the 
environment. 
2.3.4 Conclusion 
 With the release of ENMs into the environment, it is inevitable that their transport will be 
determined by the aqueous composition and presence of other environmental molecules and 
particles present. Though aggregation is a likely transformation that ENMs will be subjected to, 
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heteroaggregation will play a significant role in the dispersity of these particles in the aqueous 
environment.  Beyond the core composition of these engineered materials, the surface groups 
will significantly impact how these particles interface with other colloidal materials in the 
environment. With the wide-array of NNPs present in the environment, it is likely that some will 
carry opposing charges to that of electrostatically stabilized ENPs. Subsequently, 
heteroaggregation can be expected to limit the transport of ENMs. However, the presence of 
other environmental macromolecules can alter the surface charge of these materials, impacting 
the electrostatic forces that govern the attractive and repulsive forces between these particles. As 
life cycle models continue to be developed for the release of ENMs into the environment, 
parameters such as ionic strength, dissolved organic carbon (humic substances), and the presence 
of other nano and colloidal material will need to be accounted for. 
 In addition, more sensitive analytical techniques will need to be developed. Optical 
properties that may be exploited for detection of ENMs may be altered by various environmental 
processes. Different fluorescence quenching mechanisms may reduce the effectiveness of 
spectroscopic techniques in determining the presence of these materials. As the risk of ENMs to 
the environment continues to be assessed, the metrology necessary to accurately identify and 
characterize these materials will need to follow suit to ensure accurate and verifiable data on the 




IMPROVEMENTS IN THE DETECTION AND CHARACTERIZATION OF 
ENGINEERED NANOPARTICLES USING SPICP-MS WITH MICROSECOND 
DWELL TIMES 
 
Adapted from previously published version: M. D. Montaño, H. R. Badiei, S. Bazargan, J. 
F. Ranville, “Improvements in the detection and characterization of engineered 
nanoparticles using spICP-MS with microsecond dwell times.” Environmental Science: 
Nano, 1, 338-346 (2014) 
 
3.1 Introduction 
 The past two decades have witnessed an exponential growth in the use of engineered 
nanomaterials in commercial products.99 The novel properties that nanotechnology exhibits have 
proven to be worthwhile investments scientifically and economically.100 With the rapid pace of 
manufacturing and incorporation into everyday products, release of ENPs into the environment is 
likely inevitable.1, 2, 66, 101 However, the environmental and ecological risk associated with these 
materials is still not well understood.67, 102 Uncertainty regarding how many nanomaterial-
containing products are in the commercial market and the minimal information on release rates 
from products, severely limits application of materials flow analysis in making accurate 
predictions of environmental concentrations.2, 31, 103-106 Despite these uncertainties, risk 
assessment of ENPs have relied heavily on these modeling approaches mainly due to the lack of 
analytical methods to quantify environmental concentrations of ENPs. In terms of analytical 
limitations, ENPs are expected to enter into systems containing naturally occurring 
nanomaterials at concentrations several orders of magnitude above the expected concentrations 
of the ENPs (low ng L-1) and most analytical methods are not selective to ENPs only.31, 38 




Single-particle ICP-MS (spICP-MS) harnesses the specificity and sensitivity of ICP-MS 
to detect and characterize ENPs at low-ppt concentrations.57, 107 Initially developed for aerosol 
particle analysis, spICP-MS has evolved for application to aqueous and complex matrices.50-52, 
108-110 Utilizing time-resolved analysis with short dwell times, a discrete pulse of intensity 
originating from particle vaporization and ionization can be detected and the signal generated by 
the ions can be correlated to particle mass. Assuming an appropriate particle geometry (e.g. 
spherical), particle diameter can be calculated utilizing transport efficiency determined from a 
standard Au NP and instrument calibration with dissolved analyte standards.111, 112 This 
technique has recently been used for metallic (gold and silver) and metal oxide (TiO2, CeO2) 
nanoparticles, carbon nanotubes, and silver nanowires in matrices ranging from animal tissues, 
natural and processed waters, and macroinvertebrates.54, 59, 112-117 Despite its utility, specifically 
for environmentally relevant samples, spICP-MS has several analytical obstacles that limit its 
applicability.111, 118   
In previous literature reports, the most commonly used dwell time has been 10 
milliseconds. A number of studies suggest that under most of the commonly applied ICP-MS 
conditions the ion cloud generated by the particle spans only a few hundred microseconds.63, 119-
121 Consequently, 10 millisecond dwell time windows are simply too large, allowing for the 
possibility of several nanoparticle events to occur within this time span and therefore requiring 
sample dilution, which may alter the representativeness of the sample and produce low counting 
statistics.63 The low counting statistics can be somewhat alleviated by increasing the analysis 
time, but this limits the use of spICPMS as a high throughput technique and also results in large 
data sets that must contain >90% background readings.   
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Some investigators have attempted to improve the spICP-MS method by using dwell 
times on the order of 3-5 milliseconds.  While reducing the chance of coincidence, it introduces 
the problem of peak splitting, whereby the particle event is divided between two dwell times.119 
This necessitates recombination of split peaks and to date this has only been achieved by a 
laborious manual process of scanning a dataset for these events, with some researchers 
describing in-house spreadsheet data processing.  Consequently, most investigators have argued 
for analysis of dilute solutions utilizing dwell times > 5 millisecond or so.119  
A very different approach reduces the dwell times to time-scales shorter than the duration 
of the nanoparticle event. In contrast to millisecond spICP-MS, which relates a single point of 
intensity above the background to particle mass, microsecond spICP-MS produces a distribution 
of pulse intensities that correspond to partial sections of the ion cloud reaching the detector. In 
this case, multiple readings must be combined to reconstruct the particle pulse and thus obtain 
mass and particle number data.  Previous reports have accomplished this feat through the use of 
sophisticated electronics and/or instrumentation that may not be widely available for most 
research institutions.63, 122 Olesik et al. demonstrated the capability of microsecond data 
acquisitions by amplifying the analog output from a discrete dynode detector and converting the 
signal to a voltage which could then be measured by a digital oscilloscope at a rate of 100,000 
Hz.63 Borovinskya et al. developed a prototype time-of-flight ICP-MS for the analysis of short 
transient signals (~33 μs) which could also monitor multiple isotopes/elements.123 In this paper 
we present a microsecond spICP-MS methodology using a standard quadrapole ICP-MS and 
recently developed commercial software to facilitate microsecond spICP-MS. Furthermore we 
highlight its advantages for reducing particle coincidence, reducing background interference 
from dissolved ions, and the detection of multiple elements or isotopes in single particles. With 
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this latter capability and some knowledge of naturally occurring elemental ratios in mineral 
nanoparticles, it may be possible to use this technique for detecting ENPs amidst a high 
background of naturally occurring particles. 
3.2 Materials and Methods 
3.2.1 Reagents 
  To generate Au and Ag calibration curves of known mass concentrations, a set of 
dissolved analyte standards was used. For the dissolved silver standards, a stock solution 
of silver nitrate (Perkin Elmer Pure, atomic spectroscopy standard) was diluted using 2% 
optima grade nitric acid (Fisher Scientific) to concentrations from 0 to 500 ppb. Dissolved 
gold standards (Spex CertiPrep, spectroscopy standard) were made through the dilution of 
a stock solution of gold chloride using 2% optima grade hydrochloric acid (Fisher 
Scientific) to concentrations of 0 to 10 ppb. Gold nanoparticles (100 nm) capped with a 
citrate stabilizer to prevent aggregation were purchased from BBI Solutions and used to 
determine transport efficiency. Citrate-capped 60 and 100 nm silver nanoparticles were 
purchased from NanoComposix, Inc. Au/Ag particles were custom synthesized with a 30 
nm gold core and 30 nm silver shell for a total diameter of 60 nm as purchased from 
NanoComposix, Inc. Cerium oxide (CeO2) nanoparticles with diameters between 50-
80nm were purchased from Inframat® Advanced Materials™ as a solid power and were 
suspended in water via sonication. All nanoparticle solutions were prepared by dilution of 
the stock solution using ultrapure deionized water, 18.2 mΩ resistivity, from a Barnstead 
International Nanopure Diamond™ purification system. Clear Creek stream water was 




  A quadrapole ICP-MS (Nexion 300Q, Perkin Elmer), equipped with a Type-C 
Miramist nebulizer and baffled cyclonic spray chamber, was operated using instrumental 
conditions described in table 3.S.1.  Software developed for this project provided for both 
data collection at microsecond dwell times and, for single element measurements, the 
elimination of the quadrapole settling time between readings. The analysis of gold core-
silver shell nanoparticles (Au/Ag NPs) was performed using a 100 microsecond dwell 
time and 100 microsecond settling time for each mass. The settling time was used to 
account for ion flight time through the quadrupole mass analyzer and to the detector. This 
was initially calculated based on the most probable ion kinetic energies for gold and silver 
ions and later verified in-lab using gold and silver standard aqueous solutions. Settling 
times shorter than 100 microseconds caused a discernable drop in Au and Ag signal 
intensities, indicating that the mass analyzer electronics are potentially switching faster 
than the ions are able to clear the mass analyzer. As a result, 100 microseconds was 
chosen as a suitable settling time. To further validate the composition of the Au/Ag NPs 
sedimentation field-flow fractionation (CF2000 PostNova Analytics) and asymmetrical 
flow-field flow fractionation-ICP-MS (AF4-2000 PostNova Analytics) were coupled to 
the NexION 300Q (figure 3.S.5). 
3.2.4 Nebulizer Transport Efficiency  
  An important aspect of single particle ICP-MS analysis is the determination of the 
nebulizer transport efficiency. This term represents the fraction of aqueous sample that 
reaches the plasma. A mass-based nebulization efficiency was determined for the work 
presented here. For this method, a standard particle (i.e. gold) of known size is used and 
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its count intensity is compared to that of a series of dissolved gold standards to determine 
the transport efficiency.111, 124 This transport efficiency is then applied to the remaining 
analytes of interest, Ag in this study, to develop an accurate mass-flux calibration curve 
which is used in converting the counts generated by a nanoparticle into a mass. 
  A more straightforward method is to compare the measured pulse number 
frequency of a known particle standard to the expected particle number concentration, as 
the ratio of these two values being the transport efficiency. The absence of a particle 
number standard in the commercial market, and potential NP losses during sample 
storage, diminishes the feasibility of this method. The software reported here allows for 
the determination of nebulization efficiency by either a mass-based method or a number-
based method. In addition, multiple standard particle sizes can be used to create a particle 
size calibration curve. 
  Tuoriniemi et al. discuss different alternative methods to determine transport 
efficiency by taking into account the sample flow rate, waste flow rate and the respective 
analyte signals in both the sample and waste fractions.124 Another means of improving 
nebulization efficiency is to utilize micro-droplet generators which can produce micro-
droplets of a fixed diameter containing the analyte.120 By accelerating the desolvation of 
the micro-droplets through the use a lighter carrier gas such as helium, nebulization 
efficiencies can improve to as high as 100%.121 This technique however requires extra 






3.2.5 Data Collection and Processing  
  A commercially available software package, Syngistix™ Nano Application 
Module, designed for NexION ICP-MS by Perkin Elmer was used throughout the 
experiments for data acquisition and further processing of the raw intensity data to 
particle size distribution information, as shown in figures 3.S.8 and 3.S.9.  The software 
package enables the instrument to acquire transient data continuously with short dwell 
times (e.g. 0.1 ms used for this work). Background count threshold in the raw data is 
determined real-time using a method which employs an average plus 3σ described 
previously (Pace et al.) and nanoparticle events are detected based on the calculated 
background threshold.118 Peak area for each nanoparticle event is determined by summing 
the data points that construct the event. The peak area information is then converted to 
particle size assuming spherical particle shape and based on calibration curves 
constructed from solution or nanoparticle standards.  
3.3 Results and discussion 
3.3.1 Improvements in Particle Resolution 
  With conventional millisecond dwell times, spICP-MS analyses have been 
relegated to using relatively low particle number concentrations (i.e. < 5x106  particles L-1 
for a 100nm Au particle at 10 ms dwell times).These dilute concentrations are required to 
avoid coincidence, a phenomena that arises from two or more nanoparticles being 
detected within the same dwell time, effectively giving the appearance of a larger particle 
at a lower particle number concentration.57, 125 It has generally been suggested that when 
using 10 millisecond dwell times, concentrations that result in a maximum of 5-10% of 
the total readings containing a particle will avoid coincidence.111, 118 
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  To demonstrate the effect of dwell time on coincidence, a series of 100 nm gold 
nanoparticle solutions were created at five concentrations ranging from 50 ppt to 10 ppb 
by mass. Figure 3.1 shows selected data from the analysis of a 2 ppb 100 nm gold  
 
Figure 3.1  Comparison of a 2 ppb solution of 100 nm gold nanoparticles sizes at 10 ms, 3 
ms, and 0.1 ms. (A) Raw counts at 10 ms dwell time. (B) Particle size histogram 
at 10 ms. (C) Raw counts of the gold nanoparticles at 3 ms dwell times. (D) 
Particle size histogram of 3 ms dwell time analysis. (E) Raw counts of the gold 
nanoparticles at 0.1 ms dwell times (inset: magnification of first peak showing 




nanoparticle solution. Figure 3.1A, 3.1C, and 3.1E illustrates the effect of dwell time on 
the raw counts of the nanoparticle. In figure 3.1A, at 10 ms dwell times, one background 
and three particle events are observed. Analysis of the 50 ppt sample at 10 msec dwell 
time showed a single particle registers as about 400 counts (SI) Thus it is evident that the 
reading at 902 counts represents multiple particles being detected within the dwell time 
window. Decreasing the dwell time to 3 millsecond shows greater resolution between 
particle events (figure 3.1B), as evidenced by a greater abundance of background counts 
between the peaks.  However there are still some data points that represent a multiple 
particle detection event (643 counts).  Upon reducing the dwell time to 0.1 ms (100 μs), 
particle resolution can be greatly enhanced to the point of defining the particle pulses 
(figure 3.1E). At 100 μs dwell times, the nanoparticle response is parsed into bins of 
signal intensity as determined by the dwell time window. This allows for small changes in 
the number of ions present across the ion cloud to be detected. Thus even partial 
coincidence of particle events might be discernable if peak deconvolution methods are 
introduced into the signal processing.  This is apparent in the first peak in figure 3.1E 
(inset in figure 3.1E), which shows two peaks occurring within 100 μs of each other.  
  The effect of reducing dwell time on improving particle sizing is further 
demonstrated in figures 3.1B, 3.1D, and 3.1F. The percentages shown above each peak is 
a representation of the contribution of that peak toward the overall number of particles 
counted. The first peak represents the number of single 100 nm nanoparticles detected, 
where each subsequent peak is a result of 2 or more particles being detected 
simultaneously. Coincidence results in a large number of particle readings being over-
sized, shifting the particle size distribution to larger diameters, which is most clearly seen 
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at 10 millsecond dwell time (Figure 3.1B). At 3ms (figure 3.1D), the coincidence is 
greatly reduced, but diameters representing two particles still account for nearly 20 
percent of the overall readings. At 100 μs dwell times (figure 3.1E), the coincidence peak 
has been reduced to only 10% of the total particle readings, and is most likely an artifact 
of current data processing methods being unable to quantitatively resolve the two peaks, 
rather than the actual readings of two nanoparticles reaching the detector simultaneously.  
As previously mentioned, further development of peak deconvolution methods may allow 
coincidence to be nearly completely eliminated over the concentration ranges for which 
the technique would be applied. 
 
Figure 3.2 Percentage of single nanoparticle readings with increasing mass (particle number) 
concentrations. 
 
  The need to reduce coincidence in spICP-MS is evidenced in figure 3.2, which 
demonstrates the single nanoparticle readings as a percentage of the overall particle 
readings (excluding background counts) as a function of mass concentration for 100 nm 
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gold nanoparticles (error bars represent the standard deviation of triplicate 
measurements). At the conventional 10ms dwell time, the ability to resolve single 
nanoparticle readings quickly diminishes at higher mass (particle number) concentrations. 
Despite being a monodisperse solution, the data collected at these millisecond dwell times 
would misrepresent the samples as a collection of aggregates or particles with diameters 
larger than 100 nm. Furthermore the measured particle number concentration will be 
underestimated at higher concentrations.  The reduction in dwell time allows for better 
particle resolution, and a more accurate determination of the size distribution of the 
particle population even at concentrations as high as 10 μg Au L-1. This ability to improve 
the resolution of spICP-MS readings enhances the working range of the technique, 
expanding its applicability to a greater range of samples. 
3.3.2 Reduction of dissolved analyte signal  
  Many samples, particularly ones obtained from the environment, contain a variety 
of dissolved constituents both inorganic and organic in nature.  In some cases these 
dissolved species may be of the same elemental composition as the nanoparticle. A 
common method of assessing elemental concentration in aqueous samples involves the 
acidification of the sample to ensure the metallic constituents are equally dispersed 
throughout the sample and performing an element-specific analytical technique. This 
technique however eliminates the particulate fraction of the sample, requiring additional 
complementary methods (filtration, field-flow fractionation, hydrodynamic 
chromatography) to determine the existence of nanoparticles in the sample. By 
quantifying the background signal and the signal from particle pulses, spICP-MS has the 
unique ability to differentiate between nanoparticulate and dissolved fractions of the 
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sample without any additional sample preparation.54 In practice, the cut-off between 
background counts and counts arising from a nanoparticle events is done through an 
iterative calculation where an average of the entire dataset is calculated and added to three 
times its standard deviation. Events above this threshold are removed from the dataset and 
the calculation repeated until a convergent value is reached. This value is then determined 
to be the cut-off between nanomaterial readings and background counts. With millisecond 
spICP-MS, only low concentrations (ppt) of dissolved analyte can be overcome, as under 
these conditions the signal generated from a nanoparticle is sufficiently large when 
compared to the signal from the dissolved ions. In these cases the quantification of the 
nanoparticle peak intensity is only a matter of subtracting the background intensity from 
the total intensity to generate the net intensity of the nanoparticle.111 
 
Figure 3.3 Raw counts of 50 ppt 60 nm silver nanoparticles with a background of 500 ppt 





  However, if dissolved concentrations reach a certain point, the signal of small 
nanoparticles will be lost in the noise of the background signal. This results from all ions 
of particular isotope being analyzed within a given dwell time, indiscriminate of particle 
or dissolved ion origin. An elevated background occurs where the average signal intensity 
of the baseline correlates to the concentration of dissolved background analyte. However, 
the signal generated by the particle remains the same and is a function of the mass of the 
analyte in the particle. As a result, once dissolved concentration are high enough, they can 
mask the signal of the particle, preventing differentiation between particle and 
background intensities.    
  By reducing the dwell time window, the numbers of background ions that generate 
a response are reduced relative to the number of nanoparticle ions that generate a signal. 
This effect is seen in figure 3.3, where the raw signal is shown for a solution of 50ppt 
Figure 3.4 Frequency distribution of raw counts for 50 ppt 60 nm silver nanoparticles with 
increasing concentrations of dissolved silver. Dissolved background 
concentrations and particle size are included as an average and standard deviation 
of triplicate measurements 
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60nm silver nanoparticles with a dissolved background of 500ppt dissolved silver. At 
10ms, the readings generated by background and nanoparticle ions are indistinguishable. 
As the dwell time is decreased from 10 to 0.1 millisecond the background is reduced by a 
factor of 100 whereas the signal from the nanoparticle is only split between 2-3 readings.  
Thus the relative proportion of nanoparticle ions versus dissolved ions generating a signal  
increases such that the particle signal can be observed. The inset in figure 3.3 
demonstrates that a 60 nm nanoparticle can be resolved from a background of 500 ppt 
Ag+ at 100μs dwell time observations. 
  The ability of microsecond spICP-MS to improve the signal-to-noise ratio is 
further demonstrated in figure 3.4. Here a range of dissolved silver concentrations were 
added to a constant concentration of 50 ppt 60nm citrate-capped silver nanoparticles. In a 
typical distribution of count intensities, a large initial peak of background/dissolved 
counts are present followed by a significantly smaller peak representing the counts 
generated from nanoparticles. As shown with conventional 10 ms data, the resolution 
between these two peaks decreases rapidly at increasing concentrations of dissolved 
analyte to a point where dissolved background and nanoparticle counts are 
indistinguishable. At 100 μs dwell times however, the resolution between the nanoparticle 
signal and the dissolved background signals are preserved even at dissolved analyte 
concentrations 10x higher than that of the nanoparticle mass concentration. This 
improved ability to detect and characterize nanoparticles amidst high backgrounds of 
dissolved analyte (i.e. where dissolved ion concentrations are ten times higher than 
particle mass concentrations) may prove essential for the analysis of ENPs in situ, where 
environmental concentrations of dissolved species are variable. 
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3.3.3 Dual-element spICP-MS  
  In conventional millisecond spICP-MS analyses, the analysis of a single element 
would encompass the entirety of the nanoparticle reading. Yet, as the nanoparticle is 
parsed into separate intensities in microsecond analysis, the intensities of two separate 
elements within a single particle can be compared and analyzed. This ability allows for 
isotopic and elemental ratios to be determined within a single particle if sufficient mass of 
the respective isotopes are present. This analysis require that both the read and settling 
times are on the order of 100 microseconds or less.  
  This ability to perform detection of multiple isotopes at microsecond dwell times 
had been previously reported using a prototype time-of-flight ICP-MS.123 The software 
reported in this study allows for dual-element detection using an unmodified quadrupole 
ICP-MS, without the need for any additional ion separation apparatus. Though the ability 
to detect the full concentration of ions for a particular isotope may be lost, the ability to 
achieve elemental ratios could be achieved on a particle-by-particle basis.  
 
Figure 3.5 Multi-element spICP-MS analysis of 60nm silver nanoparticles for 107Ag and 
109Ag isotopes. (A) Raw counts of silver isotope data. (B) A single peak enhanced 




  Figure 3.5 shows the analysis of a 1 ppb solution of 60 nm silver nanoparticles. As 
the two isotopes of silver (107Ag and 109Ag) occur in nearly equal ratios, it was expected 
that the counts generated from both isotopes would not only be detected, but in 
approximately equal intensities. For the data shown in figure 3.5, the percent abundances 
in the single particle shown are 46% (109Ag) and 54% (107Ag).  An averaging of the 
intensities over the entire data set (n= 125000) gives a ratio of 107Ag: 80609 counts 
(50.7%) and 109Ag: 78245 counts (49.2%) respectively. This is very similar to the natural 
abundance of silver 107Ag: 51.35% and 109Ag: 48.65%126. The ability to determine the 
isotopic ratio within a given nanoparticle sample adds another dimension to spICP-MS 
analysis that can be exploited for stable isotope analysis. 
 
Figure 3.6 Multi-element spICP-MS analysis of 30nm gold core, 30nm silver shell 
nanoparticle. 
 
 Perhaps more importantly than the ability to detect different isotopes of the same 
element, figure 3.6 demonstrates the capability of microsecond spICP-MS to 
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simultaneously detect two different elements within the same particle. Here a 30 nm gold 
core with a 15 nm silver shell (60 nm nanometer diameter in total) was analyzed using 
microsecond spICP-MS. Using this technique, the two elements (197Au and 107Ag) were 
detected within each individual particle. As expected, the silver signal was much larger as 
it comprises the outer shell, requiring a greater mass of silver for each subsequent layer of 
particle diameter. The ratio of silver to gold count intensities was consistent in dual 
element analysis such as in figure 3.5 (107Ag: 255 (77.7%) and 197Au: 73 counts (22.3%); 
n=62) and by single particle analysis performed individually on both elements (107Ag: 
880,763 (71.2%) and 197Au: 356,047 counts (28.8%); n=60,000). The structure and 
composition of these Au/Ag core-shell nanoparticle was further confirmed with FFF-ICP-
MS and transmission electron microscopy with energy dispersive x-ray analysis (figures 
3.S.2, 3.S.3, and 3.S.4). 
  The implications of detecting isotopic and elemental ratios in a single particle are 
significant. Of the several obstacles present in the detection and characterization of 
nanoparticles in the environment, the most challenging is quantification of engineered 
nanomaterials in the presence of significantly more ubiquitous, naturally occurring 
nanomaterials. In the past, different fractionation techniques have been utilized 
(centrifugation, filtration, FFF) in combination with ICP-MS in an attempt to examine 
only the size fraction of nanomaterials under consideration. However this approach can 
introduce artifacts that may significantly alter the original state of the material. 
  This promising development in spICP-MS could allow for the simultaneous 
detection of multiple elements, which can then be used to discriminate between naturally 
occurring nanomaterials and ENPs. Nanomaterials found in the environment generally 
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consist of a chemically complex elemental make-up, when contrasted to the elementally 
pure ENPs38. One such example is cerium and lanthanum which occurs in the 
environment in a ratio of 1.70 ± 0.54 as reported for 807 samples found in the 
Geochemical Atlas of Europe.127 By contrast, an engineered cerium oxide nanoparticle 
would likely be enriched in cerium. Utilizing the dual-element capability of micro-second 
dwell time spICP-MS, the detection of engineered ceria nanoparticles would be realized  
 
Figure 3.7 Analysis of Clear Creek stream water using dual element microsecond spICP-MS. 
A) Raw data of Clear Creak stream water. B) Raw data of Clear Creek stream 
water with 80-100 nm spiked CeO2 ENPs. C) Magnified section of figure 3.7A 
showing presence of particles containing both cerium and lanthanum. D) 
Magnified section of figure 3.7B showing presence of particles containing cerium 




by particle containing only cerium, as opposed to naturally occurring analogues 
containing a fixed ratio of cerium and lanthanum as shown in figure 3.7. Here two 
samples were analysed using dual-element spICP-MS with 100 μs dwell time and a 100 
μs settling time. A sample of stream water collected from Clear Creek in Golden,  
Colorado, U.S.A was monitored for both 139La and 140Ce (fig 7a and 7c). In figure 3.7B 
and 3.7D, cerium dioxide nanoparticles (80-100 nm) were spiked into the stream water, 
shifting the ratio of cerium to lanthanum counts towards higher cerium content. This is 
further demonstrated by the presence of cerium only peaks shown in figure 3.7D. A 
limiting factor will be the difference in masses between the two elements being analyzed, 
as this will determine the shortest settling time achievable by the instrument. In addition, 
both elements will need to be present in appreciable amounts to be detected, as the 
absence of the “natural” element may result in false positives of ENP detection. Despite 
these limitations, this proposed method may be able to extend to different naturally 
occurring nanoparticles and emerging ENPs. Further development of microsecond spICP-
MS may allow researchers to exploit this approach for environmental fate studies of 
ENPs. 
3.4 Conclusion 
  At a time where there is a great need for sophisticated instrumentation and more 
sensitive analytical techniques, spICP-MS has proven to be a powerful tool for the 
detection and characterization of ENPs in environmental samples. By utilizing 
microsecond dwell times, the resolution and working range of this technique has been 
improved to analyze an even greater breadth of environmental samples and increasingly 
complex matrices. Obstacles arising from relatively high particle number concentrations 
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and high backgrounds of dissolved analyte can be overcome to provide a more accurate 
representation of the number and size of engineered nanoparticles in solution. Moreover, 
the addition of dual-element detection capability could prove instrumental in 
distinguishing naturally occurring particle from their engineered counter-parts without 
significant sample preparation. The simultaneous development of the Nano software not 
only makes microsecond spICP-MS possible, it puts this tool into the hands of analysts 
who which to add spICPMS capabilities to their laboratory. 
  Though the microsecond technique helps overcome a number of obstacles of 
conventional millisecond spICP-MS, it does have a number of obstacles. Some data at the 
edges of the pulse may be lost to the background signal, and thus be excluded from the 
overall intensity of the particle. Additionally, since the dwell time is reduced, the count 
intensity generated by the nanoparticle is parsed into 2-4 reading according to the dwell 
time window. Consequently, the spacing between sampling events decreases, the intensity 
within the sampling event will also decrease. As a result, even though resolution between 
particle events increases, the overall detection limit with respect to size increases. 
  Work remains to be done to further develop this technique and improve its 
sensitivity, but in its current state, it is a premiere technique for engineered nanomaterial 
detection and characterization. 
3.S Supporting Information 
  The following tables and figures provide additional information relevant to this 
chapter. Additional characterization of the nanoparticles, typical operating conditions, and 




Table 3.S.1 Typical operating conditions of NexION 300Q ICP-MS 
 
Instrument Parameter Value 
Nebulizer Gas Flow 0.85 – 1 ml/min 
ICP RF Power 1600 W 
Analog Stage Voltage -1900 V 
Pulse Stage Voltage 1600 V 
Deflector Voltage -9.5 V 




Figure 3.S.1  Transmission electron microscopy images of 100nm gold nanoparticle (BBI 
Solutions) with EDX spectrum. Images collected using FEI-TEM CM200 with a 
LaB6 filament operated at 200 kV. Manufacture TEM of this specific batch gives 







Figure 3.S.2  Transmission electron microscopy images of 60nm silver nanoparticle 
(NanoComposix) with EDX spectrum. Images collected using FEI-TEM CM200 
with a LaB6 filament operated at 200 kV. Manufacturer TEM gives a particles 









Figure 3.S.4  Transmission electron microscopy image of gold core / silver shell nanoparticle. 
Images taken with FEI Tecnai T-12, 120 kV working voltage at 26,000x 
magnification. 
 
Figure 3.S.5  (Left) Centrifugal FFF coupled to ICP-MS fractogram showing elution of 
particles of a singular mass comprised of both gold and silver. (Right) 
Asymmetrical FFF chromatogram shows elution of particles of a singular 
hydrodynamic diameter comprised of both gold and silver. This is evidence of 





Figure 3.S.6  Size distributions of 100nm gold nanoparticles at three different dwell times (0.1, 
3 and 10ms) and five different mass concentrations (0.5, 1, 2, 5, and 10 μg Au/L). 
Percentages of particles representing 1, 2, and 3-or-more particles detected within 






Figure 3.S.7  Additional count distribution plots of 60nm citrate-capped silver nanoparticles 
(50ppt by Ag mass) at increasing concentrations of dissolved silver (50, 200, 
500ppt dissolved Ag+). Analysis performed at three different dwell times (0.1, 3, 
and 10ms) to demonstrate increase in resolution from dissolved background with 
shorter dwell times.  Computed sizes are shown when sufficient resolution from 







Figure 3.S.8  Screen capture of analysis tab from nano software package (Perkin Elmer) 
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4.1 Introduction 
Nanotechnology has been the center of a technological revolution in the past 20 years.4 
New and novel properties afforded by their small size and increased surface area have resulted in 
development of nano-enabled properties with scientific and economic importance. Commercial 
nanomaterials have been used in a wide array of consumer products ranging from bactericides,8 
drug delivery vectors,128 biomarkers,12 and particles for the purposes of ground water 
remediation.9, 129, 130 Many nanomaterials have also found use in industrial processes such as 
catalysis,131 oil and gas production,132, 133 and the fabrication of electronics.10 These numerous 
applications have led many to expect the global market value for nanotechnology to exceed $2 
trillion by the year 2020.3  
Chemical-mechanical polishing slurries used in the planarization of electronics have 
incorporated nanoparticles into their formulation as their mechanical properties enable them to 
act as effective abrasive materials. As many of the components of micro-electronics and 
semiconductors have features existing on the order of nanometers, it is important to polish 
surfaces to remove any defects that may impede the function of these materials. In order perform 
this operation, specifically for silicon wafers, the wafer is made to rotate while a polishing pad is 
applied to the surface in the presence of a fluid containing abrasive particles (nanoparticles for 
our purposes) and other chemicals to assist in the polishing process. The goal of “global 
planarization” is achieved through the removal of defects on the surface as a result of the 
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abrasive action of the slurry. As a promising technology for this application, the potential for the 
release of these materials into the environment, and their subsequent environmental impact, is 
very high. 
To assess the risk of these nanomaterials to the environment, knowledge of their hazard 
(ecotoxicity) and exposure (environmental concentration) are required. Current research has been 
aimed at determining both the toxic effects of these materials to various organisms, as well as 
developing new analytical methodologies to detect and characterize these materials in complex 
biological and environmental matrices.17 Size and concentration are among the most important 
properties to be characterized in environmental samples as they provide information about the 
environmental exposure and expected reactivity of these nanomaterials in the environment. 
There are several techniques that provide information about one or both of these properties to 
varying degrees of accuracy and precision. In addition, the efficacy of many of these techniques 
is impeded by various environmental constituents and artifacts brought on by the analyses of 
these complex matrices. 
To this end, single particle ICP-MS (spICP-MS) has been instrumental in the analysis of 
these nanomaterials in biological and environmental matrices.53, 125 By utilizing short data 
acquisition times (dwell times), a pulse of intensity arising from the ablation of a nanoparticle is 
detected above the ambient background of potential dissolved ions in solution.111, 118 Using ICP-
MS, this technique is element specific, subverting many of the issues of other ensemble particle 
analysis techniques (e.g. DLS, NTA) while maintaining the specificity and selectivity of single 
particle techniques (e.g. TEM, SEM).65 This technique has been used to detect and characterize a 
wide array of nanomaterials ranging from metallic gold and silver nanoparticles,51, 54, 57 zinc and 
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cerium metal oxides,58 and carbonaceous materials such as CNTs59 in both biological and 
environmental matrices.55, 60, 112, 134 
Silica nanoparticles have become a major proponent of CMP slurries in addition to ceria 
and alumina NPs. However, the analysis of silica nanoparticle by quadrupole spICP-MS is 
confronted by several challenges. The prevalence of dinitrogen ions, which possessing an 
identical mass-to-charge ratio of silicon ions, presents a major interference to the detection of 
silica nanoparticles. Previously, this hindrance had been overcome by utilizing either a collision 
gas (helium) or reaction gas (ammonia) prior to mass selection by the quadrupole. A helium 
collision cell operates on the principle that the inert helium will collide with the more massive 
dinitrogen ions, reducing their kinetic energy and preventing their passage through a kinetic 
energy barrier at the end of the collision cell. However, incidental collisions with silicon ions of 
interest inherently limits the sensitivity of this technique. Ammonia reaction gas is kinetically 
selective toward reacting with the dinitrogen interference, resulting in the transformation of the 
dinitrogen into a new molecule of a different mass-to-charge ratio. Despite the greater 
sensitivity, resulting in lower gas flow rates, there are still some side reactions with the silicon 
ions that may also reduce the techniques sensitivity and limit its ability to size smaller particles. 
New advances in the electronics and software of ICP-MS have resulted in the analysis of 
nanoparticle at microsecond dwell times; whereas previous analyses were limited to dwell times 
on the order of milliseconds.64 As a nanoparticle event occurs on the order of 500μs, the ability 
to analyze these materials at data acquisitions times of 100μs or less greatly improves the 
resolution between nanoparticles events, affording an ability to analyze at greater particle 
number concentrations.63 In addition, these short acquisition times reduce the constant signal 
generated by dissolved ions relative to the signal generated from a short nanoparticle events. As 
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a result, greater resolution is achieved between a nanoparticle event and dissolved background, 
allowing for analysis of these materials amidst higher background concentrations of dissolved 
ions. Treating the dinitrogen interference as a “dissolved” interference ion, the utilization of 
these microsecond dwell times allows for the analysis of silica nanoparticle without the use of a 
reaction or collision gas, as the short transient signal generated from a silica nanoparticle event is 
proportionally higher than the signal from the ambient interfering dinitrogen ions. By analyzing 
the total number of ions without the accidental removal of silicon through the use of collision 
and reaction gases, smaller sizes of silica nanoparticles can be analyzed. 
The research presented here demonstrates a comparison of using spICP-MS to analyze 
various sizes of silicon nanoparticles using conventional approaches (collision gas, reaction gas) 
and at microsecond dwell times. Conditions used for these methods are meant to be 
representative of typical ICP-MS analysis. Though the analytical power of microsecond dwell 
times is demonstrated, current software challenges that limit its utility are also presented. Lastly, 
the analysis of a model CMP slurry is presented to demonstrate this techniques applicability to 
the analysis of a potential real-world sample.  
4.2 Methods and Materials 
 The following sections describe the chemical reagents, instrumental parameters, and 
experimental setup used to collect the data presented within this chapter. 
4.2.1 Reagents 
Gold and silicon dissolved calibration curves were created by analyzing a set of dissolved 
standards. Gold dissolved standards were prepared by diluting a 100 mg L-1 stock solution of 
gold chloride (Spex CertiPrep, Spectroscopy Standard) in 2% optima hydrochloric acid (Fisher 
Scientific) to concentrations ranging from 0 to 200 μg L-1 depending on the dwell time 
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employed. Silicon calibration standards were made through the dilution of a stock solution of 10 
mg L-1 dissolved silicon (High Purity Standards, Spectroscopy Standard) with ultrapure 
deionized water, 18.2 mΩ resistivity. Gold nanoparticles used in the determination of the 
instrument transport efficiency were NIST RM 8013 (nominal 60nm particles) with a measured 
diameter of 56nm as determined by transmission electron microscopy according to the Report of 
Investigation. Silica nanoparticles of various sizes (100, 200, 300, 500 and 1200nm) were 
purchased from Nanocomposix, Inc., and their sizes independently validated through a variety of 
measurements (scanning electron microscopy (figure 4.S.1), dynamic light scattering (Figure 
4.S.3) in conjunction with the manufacturer reported TEM values. Additional silica nanoparticles 
used in the ammonia reaction cell experiments (nominal sizes of 340 and 600nm) were 
purchased from Corpuscular, Inc., and their sizes independently validated by SEM (figure 4.S.2) 
and DLS (Figure 4.S.3) in addition to manufacturer reported TEM. Additional characterization 
of silica nanomaterials are found in ESI (Table 4.S.2). All dilutions of stock solutions of 
nanomaterials were made using 18.2mΩ resistivity ultrapure deionized water from a Barnstead 
International Nanopure Diamond™ purification system. Helium gases employed on the Agilent 
7700x were ultrahigh purity (99.999%) purchased from General Air, Inc. The helium gas used 
for experiments on the Perkin Elmer NexION 300D was purchased from Airgas, Inc. with 
research grade purity (99.999% purity). Anhydrous ammonia gas used in this research was 
purchased from Matheson Tri-gas, Inc. (99.999% purity). 
4.2.2 Instrumentation 
The experiments performed within this work utilized different ICP-MS configuration to 
accomplish reduction in the dinitrongen molecular interference. Experiments using a helium 
collision cell were performed using quadrupole ICP-MS on two different instruments, one being 
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an Agilent 7700x at 10 and 3ms dwell times, the other a Perkin Elmer NexION 300D at 3 and 
0.1ms dwell times. The Agilent 7700x used an Agilent microflow nebulizer with a PFA spray 
chamber and the NexION 300D used a Type-C Miramist nebulizer with a baffled cyclonic spray 
chamber. Ammonia reaction cell experiments and analyses performed at sub-millisecond dwell 
times were executed on a Perkin Elmer NexION 300D quadrupole ICP-MS instrument, with a 
Type-C MIramist nebulizer and a baffled cyclonic spray chamber. The Syngistix™ software 
developed for Perkin Elmer ICP-MS instruments allowed for the implementation for 
microsecond dwell times through the elimination of the quadrupole settling time for single 
element readings. Typical instrumental conditions are tabulated in ESI (SI Table 1). 
4.2.3 Gas flow rate optimization  
Prior to analysis using helium or ammonia gas, the flow rate for these gases was 
optimized. These optimizations were performed to ensure maximum sensitivity to the silicon ion 
signal, while achieving the greatest reduction in the signal from the dinitrogen interference. For 
the Agilent 7700x, the ratio of dissolved silicon standards to the count intensity of the blank was 
compared at different helium flow rate to achieve an optimum value where the ratio was greatest 
(Figure 4.S.2). The Perkin Elmer instruments used a software operated optimization procedure to 
achieve the optimum flow rate for helium and ammonia gas flow rates.  
4.2.4 Nebulizer transport efficiency 
An important component of spICP-MS analysis is the determination of the instrument 
nebulizer transport efficiency. When a solution of dissolved ions is aspirated in the spray 
chamber, only a small percentage of sample reaches the plasma and is analyzed, with the 
majority of the sample going to waste. However, when a nanoparticle is aspirated and reaches 
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the plasma, the total mass of that nanomaterial is ablated and is analyzed. The transport 
efficiency is the means by which the signal intensity of a dissolved analyte standard is able to be 
compared to the signal intensity generated from a nanoparticle. Using this nebulization transport 
efficiency a mass flux calibration curve can be generated, whose slope can be used to calculate 
the mass of a nanoparticle from the count intensity of the nanoparticle signal. The transport 
efficiency can be determined one of three ways: 1) by comparing the dissolved calibration curve 
signal to that of a nanoparticle of known mass, 2) determining directly the percentage of 
nanomaterials reaching the detector by taking the ratio of measured particle number 
concentration to that of the known particle number concentration, 3) measuring the mass of 
waste collected compared to that analyzed to determine the amount of sample aspirated in the 
spray chamber and ultimately analyzed. 
This research utilized method 1, in which a calibration curve of dissolved standards is 
compared to the signal generated from a nanoparticle of known diameter. For the purposes of 
this study, NIST RM8013 particles were utilized as gold nanoparticles of known diameter. For 
10μs dwell times, a 100nm gold nanoparticle purchased from BBI solutions was used, as the 
60nm gold contained too little mass to be analyzed at these short of dwell times. Method 2 and 3 
for determining the transport efficiency were not used due to the uncertainty of the particle 
number concentration and the lack of certainty in measuring the mass of the collected waste.  
4.2.5 Data collection and processing  
Recent implementation of microsecond spICP-MS has also required the development of 
software capable of not only capturing the transient nanoparticle signal, but also the ability to 
integrate the peak area which is the mass equivalent of the nanomaterial. Syngistix™ software 
developed by Perkin Elmer, Inc. allows the operator to choose the dwell time, density, and mass 
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fraction of the material being analyzed. In addition, the transport efficiency which previously had 
been calculated manually, is now automated and offers the option of determining transport 
efficiency by either the particle number concentration of a known standard or the utilization of a 
mass flux calibration curve obtained with a combination of dissolved and nanoparticulate 
standards. The output of this software provides a count intensity histogram for each sample 
analyzed, in addition to a size (diameter) histogram for each particle analyzed which is 
calculated according to the input parameters. All graphs were created using OriginPro software 
9.1 student version. 
4.3 Results and Discussion 
The following sections detail the interpretation of the data as well as how this data may 
pertain to answering future research questions within this field. 
4.3.1 Collision/reaction gas 
Conventionally, silicon has been measured by ICP-MS using a collision or reaction gas in 
order to reduce or eliminate the dinitrogen interference that prevents the accurate determination 
of silicon in a sample. As previously described, using a collision gas, the inert helium gas 
molecules reduce the kinetic energy of the more voluminous molecular interference, which then 
cannot pass through a kinetic energy barrier at the end of the collision cell. Selecting an 
appropriate flow rate for the helium gas requires a flow rate high enough to significantly reduce 
the molecular interference signal (background) while preserving the intensity of the silicon 
signal. To determine this flow rate, a ratio of signal intensities from dissolved signal standards to 
the signal generated from the method blank was determined, and the flow rate that gave the 
signal-to-background ratio was determined as the optimal flow rate (Figure 4.S.2).  
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 Two different instruments were used to characterize a range of silica nanoparticles using 
a helium gas collision cell. The Agilent 7700x used a 3.5 mL/min He gas flow rate; whereas, the 
Perkin Elmer 300D used a 3.0 ml/min He gas flow rate to achieve the optimal silicon signal. 
Figure 4.1.A shows the silicon calibration curve for both instruments. As the background cut-off 
in spICP-MS is determined at the average of the background added to three times the standard 
deviation, this signal intensity value is the lowest detectable nanoparticle size (approximately 
300nm using these conditions). Using this calibration curve, other nanoparticles can be sized 
according to spICP-MS theory. Figure 4.1.B shows the size distribution for nominally 300, 500, 
and 1200nm silica nanoparticles (measured sizes in ESI).  
 
Figure 4.1 Helium collision gas to reduce dinitrogen interference using a Perkin Elmer 
NexION 300D and Agilent 7700x. A) Silicon calibration curve to determine mass 
flux. Average plus three times the standard deviation of the background intensity 
(method blank) gives the smallest detectable size (~300nm) B) Size histogram of 
300, 500, and 1200nm SiO2 particles size using a helium collision gas. 
 
 Though the collision cell technique shows some utility in sizing larger particles, their 
large sizes could potentially lead to incomplete ablation in the ICP plasma. In general, the 
ionization efficiency in spICP-MS theory is assumed to be 100%, but incomplete ablation would 
require a correcting factor to ensure the conversion of signal intensity to mass is correctly 
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applied. To validate that all particles were completely ablated in the plasma, a plot of the 
intensities versus the volume of particles was generated (Figure 4.S.4). The linear relationship 
demonstrates that all particles are completely ablated in the plasma, requiring no further 
correction.  
Similar results can be achieved by using a reactive ammonia gas, as opposed to the inert 
helium, but with greater selectivity than the indiscriminate collisions of helium gas. This is 
accomplished as the ammonia gas reacts with the dinitrogen interference at a faster kinetic rate 
than it would react with the silicon ions.135 This selectivity allowed for lower gas flow rates (0.4 
ml NH3 / min) when optimizing for silicon analysis. It also resulted in lower size detection limits 
as evidence by figure 4.2. In figure 4.2a, the silicon calibration curve for both ammonia and 
helium gases are shown, with the greater slope of the ammonia and the higher detection limit 
(dashed red line) as evidence for an improved ability to size silica nanoparticles. The size 
detection limit for the ammonia gas is approximately 197nm, an approximate four times less 
mass than the 300nm size detection limit of the helium gas.  
This improved size detection limit allowed for the sizing of silica nanoparticles with sizes 
smaller than 300nm from the helium collision gas, but is still unable fully capture 200nm SiO2 
nanoparticles as evidenced in figure 4.2b. Figure 4.2b demonstrates that the use of an ammonia 
reactive gas is capable of improving the signal-to-noise ratio to a point where the size detection 
limit by spICP-MS is slightly below 200nm particle. The ammonia flow rate chosen was balance 
between achieving a sufficiently large signal-to-noise ratio without completely eliminating the 
m/z 28 signal (Figure 4.S.3). These sizes compare well with the TEM sizes, but discrepancies 
may be explained by particle densities that differ from the density used (2.05 g cm-3). 
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Both the helium collision cell and the ammonia reaction cell were used to size various 
sizes of SiO2 nanoparticles as shown in table 4.1. For comparison, sizes as determined from other 
analytical techniques are also shown. The slightly larger sizes for the 300nm SiO2 using helium 
and the 200nm SiO2 using ammonia are a result of nearing the size detection limit for these 
 
Figure 4.2 Sizing of SiO2 nanoparticles using an NH3 reactive gas. A) Silicon calibration 
curve demonstrating the cutoff between dissolved and particle intensities. B) Size 
distribution of various sizes of silica nanoparticles using a reactive ammonia gas. 
 
respective methods. Consequently, these methods only size the larger particle of the distribution, 
rather than the entire ENP population. Missing values are a result of particles that were too small 
to be discerned from the elevated background arising from the dinitrogen interference. In order  























100 101.7 ± 9.0 92 ± 8 117 ± 1 ** ** 
200 202.5 ± 10.2 183 ± 14 220 ± 2 ** 221 ± 42 
300 305.4 ± 23.5 289 ± 24 320 ± 5 328 ± 39 301 ± 57 
500 517.4 ± 50.2 532 ± 62 519 ± 7 489 ± 72 502 ± 67 
1200 1173.3 ± 63.6 1083 ± 102 986 ± 64 977 ± 85 936 ± 76 
**Below size detection limit of applied technique 
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to reduce the background further, it is necessary to employ even shorter dwell times, shorter than 
the conventional millisecond dwell times that spICP-MS has employed in previous studies. 
4.3.2 Microsecond spICP-MS 
Recent advances in the electronics of ICP-MS systems have allowed for the utilization of 
microsecond dwell times, as opposed to the previously used millisecond dwell times. 
Alternatively, this had been accomplished through either the use of sophisticated electronics 
(digital oscilloscopes)63 or with unique instrumental configurations (ICP-TOF-MS)123, 136 that are 
not widely employed at most research institutions. Commercial software has been developed to 
interface with certain quadrupole ICP-MS instruments that accomplishes that nanoparticle-
specific analysis at sub-millisecond dwell times. By reducing the dwell times to these short time 
spans, significant improvements have been made in the analysis of nanoparticles at high particle 
number concentration and amidst a concentrated background of dissolved analyte.137 In addition, 
by analyzing at dwell times shorter than the width of a nanoparticle events, the potential for 
analyzing multiple elements and isotopes one a particle-by-particle basis is possible.64, 65 
 Obstacles in the analysis of silicon by ICP-MS arise from the ubiquity of dinitrogen ions 
that are generated in the plasma with an identical mass-to-charge ratio of the silicon ions 
generated through the ablation of silicon species present in the aqueous sample.  The analysis 
methods that use collision and reaction gases as previously described act as a filter to aid in the 
removal of these interfering dinitrogen ions with varying efficacy. A different method is 
proposed with the implementation of microsecond dwell times. Using this method, the dinitrogen 
ions are treated similarly as dissolved silicon ions that increase the background and have the 
potential of “masking” the signal generated from a silica nanoparticle event. However, the signal 
intensity of the background drops proportionally to the dwell time employed (shorter data 
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acquisition time average fewer counts); whereas, the signal intensity from a nanoparticle event 
remains the same regardless of dwell time. As a result, the signal-to-noise ratio (nanoparticle 
intensity over the background intensity) increases with decreasing dwell time.  
 Figure 4.3 represents this improvement in signal-to-noise as a function of dwell time. 
Figure 4.3A shows the silicon calibration curve at each dwell time. Though the intensities are 
different on a count basis, when extrapolated out to counts-per-second, the intensities of the 
calibration standards are nearly identical. This is evidence that the detector response does not 
  
Figure 4.3 Improvements made in the signal-to-noise ratio of silicon to the background by 
decreasing dwell times to microseconds using a Perkin Elmer NexION 300D. A) 
Silicon calibration curves at different dwell times. B) Signal-to-noise ratio for 
three different sizes of silica nanoparticles (100, 200, 300nm) at dwell times 
ranging from 10-100μs. 
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change as a result of dwell time. Figure 4.3B shows the improvement in signal-to-noise as dwell 
time decreases for three different particle sizes (100, 200, and 300nm SiO2 nanoparticles). Here 
the intensity of nanoparticle remains largely unchanged as dwell time decreases while the 
intensity of the background decreases proportional to the dwell time decrease as a result of the 
shorter integration window. As expected, the larger particle (300nm) has a larger signal-to-noise 
ratio than the smaller particle. 
The effect of dwell time on is further shown in figure 4.4. Here a 5ppb solution of 300nm 
SiO2 nanoparticles was analyzed at different dwell times ranging from 10-100μs. Figure 4.5D 
shows the analysis of these particles at 100μs, where the particle event is divided into only a few 
points of intensity. Here the background intensity is approximately 25 counts, resulting in a 
signal to noise of approximately 28 (~700 counts from the NP over ~25 counts from the 
background). Figure 4.5B and 4.5C show the same solution analyzed at 25 and 50μs 
respectively, demonstrating an increase in the amount data points comprising the nanoparticle 
peak while the background continues to decrease. Figure 4.4A shows the lower limit of the dwell 
time at 10μs data acquisition speed. Here the nanoparticle peak is divided into a large number of 
low intensity data points and the background is reduced to very low levels (~3 counts). However, 
regardless of the dwell time employed, the total intensity of the nanoparticle does not change. 
The total peak area of the nanoparticle ranges from 590-950 counts which results in sizes ranging 
from 270-350nm given by their respective dissolved calibration curves. Though the intensity of 
the nanoparticle may change with daily variation in instrumental conditions, the signal-to-noise 








Figure 4.4  Comparison of silicon raw intensity signals at different microsecond dwell times 
using a Perkin Elmer NexION 300D. Numbers above the peak represent the 
integrated count intensity for the peak, in addition to the equivalent diameter of 
the particle from the intensity. A) 300nm SiO2 nanoparticles at 10μs. B) 300nm 
SiO2 nanoparticles at 25μs C) 300nm SiO2 nanoparticles at 50μs D) 300nm SiO2 





Figure 4.5 Potential loss of particle resolution from background as dwell time is decreased 
using a NexION 300D A) 200nm SiO2 nanoparticle at 10μs (Inset: Raw data with 
dashed line representing average + 3σ cutoff) B) 200nm SiO2 nanoparticle at 
25μs (Inset: Raw data with dashed line representing average + 3σ cutoff) 
Despite this improvement with a decreasing dwell time, there is a limit to the shortest 
dwell time that can be used to improve the signal-to-noise ratio. As the dwell time decreases, the 
nanoparticle signal is divided into an increasing number of intensity bins that, once integrated, 
are the overall peak intensity. However, as the nanoparticle signal does not change, the intensity 
of a given bin is decreased as it is divided up. As a result, there is a possibility that some of the 
peak may be lost to the background. This is shown in figure 4.5, where a 200nm particle is 
analyzed at 10 and 25μs dwell times (figure 4.5A and 4.5B respectively). In figure 4.5B, the inset 
shows a typical nanoparticle peak, with the dashed red line representing the average + 3σ cutoff 
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between background and nanoparticle intensities. As can be seen, the majority of the 
nanoparticle peak is above this line, resulting in the entirety of the peak being captured for 
characterization. Figure 4.5B shows the background peak and nanoparticle peak having adequate 
resolution. However, in figure 4.5A, this resolution is reduced. This is a result of some of the 
peak being lost to the background by virtue of the intensity cutoff. Subsequently, there will be a 
significant broadening of the nanoparticle peak as some nanoparticle intensities will be fully 
integrated as other will only be partially captured. This results in a significant decrease both in 
particle recovery and sizing accuracy. 
Sizes as determined by microsecond spICP-MS are summarized in table 4.2. In 
converting the mass of particle to a diameter, a density of 2.05 g cm-3 was used. The discrepancy 
between the electron microscopy size and those determined by spICP-MS suggest that the 
density of these silica nanoparticles may be size-dependent, with the smaller particles having a 
density closer to that of the bulk silica density (2.65 g cm-3).  The lower sizes shown at 10μs 
dwell times are likely a result of losing some of the nanoparticle peak intensity to the 
background, resulting in partial capture of the silica nanoparticle intensity and lower average 
sizes. Lastly, current software limitations only allow for the capture of pulse signal from the 
discrete dynode detector, lacking the ability at these dwell times to capute the analog signal. 
Consequently, readings above a certain count threshold (~13x106 counts) are not captured, 
resulting in significant losses in signal intensity from a particle event. As a result, the 500nm 
particles cannot be measured at higher dwell times, as the individual points of intensity 
comprising the nanoparticle peak exceed the count threshold for pulse detection. This can be 
somewhat remedied by moving to shorter which dwell times, which in turn divide the 
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nanoparticle beak into more bins of lower intensity to ensure counts are below the pulse 
detection threshold (figure 4.S.5). 
Table 4.2 Silica nanoparticle sizes as determined by spICP-MS without a cell gas 


















100 101.7 ± 9.0 118.0 ± 28.3 167.9 ± 54.8 141.9 ± 31.2 154.1 ± 37.5 
200 202.5 ± 10.2 182.4 ± 22.0 193.4 ± 28.2 178.1 ± 21.6 187.5 ± 21.9 
300 305.4 ± 23.5 274.5 ± 27.0 297.5 ± 27.0 264.1 ± 23.1 276.1 ± 26.0 
500 517.4 ± 50.2 416.9 ± 34.9 448.1 ± 38.5 ** ** 
**Counts exceed pulse threshold and cannot be sized 
 The signal-to-noise ratio between nanoparticle intensity and background counts can be 
improved at microsecond dwell times by employing a reactive ammonia gas. As opposed to the 
indiscriminate nature of a helium collision gas, the reactive ammonia gas selectively adds a 
proton to the interference molecules while minimally reacting with the silicon ion analyte. Figure 
4.6 shows the improvement in the signal-to-noise ratio when an ammonia gas is employed (0.2 
ml min-1 flow rate). The background signal with and without the reactive gas were 7.6 ± 4.4 
counts and 29.3 ± 6.9 counts respectively (an approximate 76.7% decrease in intensity. Though 
the background decreases significantly more than the particle intensities, the ammonia does 
reactive with the silicon ions somewhat, resulting in a decrease of the nanoparticle signal ranging 
from 50-70%, with the smallest particles seeing the largest signal reduction. Consequently, the 





Figure 4.6 Improvements made in the signal to noise ratio at microsecond dwell times 
through implementation of a reactive ammonia gas. A) Signal-to-noise ratio 
improvement using an ammonia gas. B) Raw data showing background reduction 
as well as particle intensity reduction using ammonia gas. 
 
4.3.3 Application to industrial nanoparticles 
 The ability to measure silica nanoparticle is of particular importance to industries that use 
these particle in their fabrication processes. Chemical-mechanical polishing slurries frequently 
contain inorganic oxide nanoparticle which act as an abrasive material to achieve planarization. 
The frequent use of these materials, and the increasing development of nanotechnology as a 
whole will ensure the inevitable release of nanomaterials into the environment. As such it will be 
important to determine not only the concentration of the particle in the environment, but their 
size, as many nanomaterial properties are size-dependent.  
As an example application of this technique, a model CMP slurry was obtained 
containing silica nanoparticles of sizes ranging from 120-140nm. This slurry was then analyzed 
utilizing microsecond dwell times (100μs) without the use of a collision or cell gas. Figure 4.7 




Figure 4.7 Size distribution of alkaline fumed SiO2 CMP slurry analyzed by spICP-MS on a 
Perkin Elmer NexION 300D, n=3 (Inset: Raw data intensities of CMP slurry). 
intensity. The average size is in good agreement with both the DLS and NTA values obtained for 
this particle (table 4.S.3).  
4.4 Conclusion 
 The challenge of characterizing silica nanomaterials requires new methods to reduce or 
eliminate interfering signal from molecular ions. Conventional approaches using a helium 
collision gas or a reactive ammonia gas are sufficient for larger silica colloids, but are limited by 
either inherent indiscriminate collisions or side reactions that reduce silicon ion sensitivity. By 
utilizing microsecond dwell times, the proportion of signal generated from a silica nanoparticle 
event outweighs the constant signal generated from the dinitrogen interference. The separation 
between nanoparticle and background signal increases with decreasing dwell time, but at too low 
of dwell times, the edges of the nanoparticle peak are lost to the background resulting in partial 
capture of the signal intensity. As such, the accurate characterization of silica nanoparticles will 




 As a common nanomaterial used in a variety of industrial processes, the entry of silica 
nanoparticle is inevitable. By using single particle ICP-MS, the exposure concentration and 
physicochemical state of these nanomaterials can be determined. This information will be crucial 
in assessing the environmental risk of these nanomaterials, and promote the responsible 
development of these materials as nanotechnology continues to expand. 
4.S Supporting information 
  The following tables and figures provide additional information relevant to this 
chapter. Additional characterization of the nanoparticles, typical operating conditions, and 
screen captures of the software used for data acquisition and processing are provided. 
Table 4.S.1 Typical operating conditions of NexION 300Q ICP-MS 
 
Instrument Parameter Value 
Nebulizer Gas Flow 0.85 – 1 ml/min 
Auxiliary Gas Flow 1.02 ml/min 
Plasma Gas Flow 16L/min 
ICP RF Power 1600 W 
Analog Stage Voltage -1637 V 
Pulse Stage Voltage 1600 V 
Discriminator Threshold 12 
Deflector Voltage -9.65 V 
Sample Flow Rate 0.3 ml/min 
Helium gas flow rate (collision) 3.0-3.5 ml/min 











Table 4.S.2 Additional characterization of SiO2 nanoparticles 















100nm – Nanocomposix 101.7 ± 9.0 91.8 ± 8 117.4 ± 0.6 37.3 
200nm – Nanocomposix 202.5 ±10.2 183 ± 14 219.9 ± 2.3 21.3 
300nm – Nanocomposix 305.4 ± 23.5 289 ± 24 319 .9 ± 5.1 11.5 
500nm – Nanocomposix 517.4 ± 50.2 532 ± 62 518.7 ± 6.7 5.5 




Table 4.S.3 Additional characterization of CMP SiO2 nanoparticles 
Manufacturer TEM 
size (nm) 
NTA size (nm) DLS size (nm) 









Figure 4.S.1 Scanning electron microscopy images obtained using an FEI XL 30 SEM 
equipped with EDX analysis. Sizes were obtained using Image J software  
(n = 100). A) 100nm Nanocomposix SiO2 nanoparticles B) 200nm Nanocomposix 
SiO2 nanoparticles C) 300nm Nanocomposix SiO2 nanoparticles D) 500nm 



















Figure 4.S.2 Helium gas flow rate optimization. A) Silicon ICP-MS signal for dissolved silicon 
standards and deionized water blank with increasing helium flow rate. B) Signal-




Figure 4.S.3 Ammonium gas flow rate optimization. A) Silicon ICP-MS signal for dissolved 
silicon standards and deionized water blank with increasing ammonium flow rate. 
B) Signal-to-noise ratio of dissolved silicon standard and blank showing 





Figure 4.S.4 Signal intensity produced by SiO2 nanoparticles relative to their volume. If there 
were incomplete ablation of the particles, the signal intensity would not scale 
linearly with their volume (Volume α number of atoms α signal intensity). A) 
Signal intensity plotted against volume of nanoparticles in SiO2 nanoparticles 
analyzed using a helium collision cell. B) Signal intensity plotted against volume 
of nanoparticles in SiO2 nanoparticles analyzed using a ammonia reaction cell. C) 
Signal intensity plotted against volume of nanoparticles in SiO2 nanoparticles 
analyzed using microsecond dwell times. D) Signal intensity plotted against 
volume of nanoparticles in SiO2 nanoparticles analyzed using microsecond dwell 
times. The red circle demonstrates that the linear relationship does not hold true at 







Figure 4.S.5 Signal intensity with time of 10ppb 500nm SiO2 nanoparticles. As dwell time 
decreases, the number of points comprising the nanoparticle peak increase. As a 
result, the intensity of each individual peak decreases as it is parsed up into a 
greater number of points. A) Data collected at 10μs dwell times B) Data collected 
at 25μs dwell times C) Data collected at 50μs dwell times D) Data collected at 








CURRENT STATUS AND FUTURE DIRECTION FOR EXAMINING ENGINEERED 
NANOPARTICLES IN NATURAL SYSTEMS 
 
Adapted from previously published version: M. D. Montaño, G. Lowry, F. von der 
Kammer, J. Blue, J. F. Ranville, “Current Status and Future Direction for Examining 




Nanotechnology is a rapidly burgeoning industry. New capabilities to control matter at 
scales of 1 to 100 nm are producing an enormous range of novel nanomaterials, often having 
properties that are unique compared to matter of a similar chemical composition but larger in 
size. Many of these nanomaterials are already incorporated into industrial and consumer 
products.138 A search of recent patent literature indicates that the trend towards incorporation of 
nanomaterials into products such as computers, solid state lighting, solar cells etc. will likely 
continue for decades to come.99 Governments throughout the world, and public interests groups 
have called for regulation to encourage the safe deployment of these new materials. This 
includes an assessment of potential risks that nanomaterials may pose to human health and to the 
environment. 
Risk assessment will require an understanding of the inherent toxicity of the 
nanomaterials, the properties of those materials that lead to toxicity and the potential for 
exposure to those materials.66 The nanotoxicology research community is currently working to 
modify established toxicity testing protocols to work for nanomaterials, or in some cases 
establishing new testing paradigms.67 However, toxicity and ecological effects will ultimately be 
dose dependent and therefore accurate risk assessment also requires an ability to predict and 
measure environmental concentrations of engineered nanomaterials (ENMs) so that exposures 
can be determined. Accurately assessing exposure potential to nanomaterials has significant 
84 
 
challenges that have not yet been adequately addressed by the nano EHS research community. In 
particular, the fundamental processes affecting the fate of ENMs and their distribution in the 
environment have not yet been determined.102 This stems in part from the inherent kinetic 
instability of nanomaterials and in part from the vast number of potential ‘environmental’ 
conditions that an ENM may encounter.139 Each of these environmental conditions may 
transform the nanomaterial, thereby changing its toxicity potential.18, 71 As noted in several 
recent reports by the National Research Council, significantly more work is needed to determine 
the ‘critical elements of interaction’ influencing ENM fate and distribution in the environment, 
and to develop a reliable testing strategy and suite of tools for assessing the exposure potential 
through the lifecycle of the nanomaterial.140 
Releases of ENMs into the environment may occur sporadically by accidental spills, but a 
significant portion of ENMs' long-term release may come from consumer product manufacture, 
use and disposal and from intentional nanotechnology applications such as groundwater 
remediation and agricultural uses.141-143 Determining environmental concentrations will rely on 
rigorous detection, characterization and quantification of these materials in environmental 
samples.1, 5, 144 Accurately detecting and characterizing these materials in the environment is 
beset by several obstacles. Their small size (1–100 nm), low expected concentrations (ng L–1), 
and the high background of naturally occurring nanoparticulate matter (NNPs), particularly 
NNPs having compositions similar to ENMs, make detection of ENMs in environmental samples 
very difficult. In addition, a variety of environmental processes may alter the pristine, 
manufactured state of the engineered nanoparticles (ENPs), requiring an understanding of how 
these processes will affect their quantification and characterization.5  
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In this special collection of papers, the chemical factors that influence the fate and 
distribution of ENMs in the environment are explored. The ultimate goal of these types of studies 
is to better assess the distribution of ENMs in the environment, exposure potential and ultimately 
biouptake into a highly complex ecosystem. Achieving this goal will require new nanometrology 
instrumentation or adaptation of existing instruments to make them specific towards ENMs, and 
to work at the very low concentration of ENMs expected in environmental and biological media. 
Given the central role of metrology in exposure assessment, this first paper provides a review of 
the challenges for the detection and characterization of ENMs in environmental samples. A short 
review of instrumentation used for ENP characterization is included. A selection of recent work 
performed to differentiate between naturally occurring and ENMs will be discussed. In addition, 
new approaches that are currently being developed to differentiate ENMs from their naturally 
occurring analogues will be discussed. The research reviewed herein will focus on ENMs found 
in aqueous environments, as life cycle assessments (LCAs) consider aqueous and soil/sediment 
environments to be especially important reservoirs for released ENMs.34, 35 For brevity, 
atmospheric and incidental nanoparticles (those created unintentionally) have been excluded 
from this discussion despite being a significant source of nanomaterials in the environment. 
Methods for the characterization and detection of these nanomaterials have been reviewed 
elsewhere.145  
5.1 Properties of ENMs 
Nanomaterials are commonly defined as materials with at least one size dimension 
between 1 and 100 nm.5 In addition to nanoparticles (three nano dimensions), fibers, rods, films 
and plates are all common nanomaterials that are manufactured and produced for their novel 
properties. The upper size limit of 100 nm is arbitrary and it may be more appropriate to utilize 
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the size at which chemical and physical properties differ from their bulk counterparts as the 
proper nano upper size cut-off.146 In addition to their high specific surface area and higher 
proportion of surface atoms, some nanomaterials can exhibit quantum confinement and novel 
optical-electrical properties at the nanoscale, particularly at sizes below 20 nm. For instance, the 
catalytic activity of gold is found to be highly dependent on the size of the nanoparticle.147 
Quantum dots specifically can have significantly different emissions depending on nanocrystal 
size, and thus have a very low tolerance for changes in diameter.148  
Although any material with a size dimension between 1 and 100 nm may be classified as 
a nanomaterial, only certain materials at the nanoscale will exhibit properties desirable for 
engineering and subsequent commercial applications. These nanomaterials can possess a varying 
degree of composition and complexity. Some nanomaterials are composed of a single element 
(i.e. carbon nanotubes (CNTs), nano-Ag), whereas others can be very complex (i.e. quantum dots 
(QDs) with CdSe–ZnS–polymer core shell organization). Metallic nanomaterials have many 
potential uses such as heterogeneous catalysis with nano-gold, and antimicrobial applications of 
nanosilver in such products as textiles and plastics.149-151 Metal oxide nanoparticles such as 
titanium dioxide and zinc oxide are commonly found in coatings and sunscreens for their 
photocatalytic properties.152-155 Cerium dioxide nanoparticles can be found in fuel additives for 
their ability to produce cleaner diesel exhausts.6, 156 Semiconductor nanoparticles such as QDs 
have found applications in both the energy sector and in biomedical imaging and drug 
delivery.157-161 Lastly, carbonaceous materials such as fullerenes and CNTs have broad 
application in energy products, solar cells and the strength improvement of materials.13, 162, 163  
In addition, ENMs may possess highly engineered surface coatings, aiding in the control 




Figure 5.1 Different nanomaterials inputs will lead to a complex mixture of naturally 
occurring and engineered nanomaterials in the aqueous environment. Though 
these materials may share similar properties, morphologies, and composition, 
slight differences in these properties may be exploited for detection and 




selectivity of the nanomaterial. Commonly used surface coatings can provide electrostatic (i.e. 
citrate, tannic acid) or steric (i.e. poly(vinylpyrrolidine)) stabilization to prevent aggregation and 
maintain a monodisperse particle population. In addition to stabilization, some surface coatings 
are applied to nanomaterials to enhance their biocompatibility and transport through biological 
systems. Chitosan, polypeptides, fatty acids and polyethylene glycol (PEG) are common 
choices.164, 165  
The multitude of properties and inherent complexities of these materials require robust 
and comprehensive analytical techniques to study them. This necessitates a multi-faceted 
approach for accurate characterization. In addition, there are several environmental factors that 
may impede the ability to detect and characterize ENMs in the environment. The vastly greater 
quantity of naturally occurring nanomaterials, coupled with the multitude of environmental 
processes that alter the pristine nature of the ENM, will further complicate the quantification and 
characterization needed for assessment of ENM risk. This is illustrated in figure 5.1, where the 
different inputs from environmental and anthropogenic sources will lead to a complex mixture of 
nanomaterials in the aqueous environment. These materials can potentially share similar or 
identical morphologies, compositions and properties that render most current analytical 
techniques inadequate for detection and characterization. The current aim of developing 
methodologies and techniques is to exploit slight differences in the discriminating properties of 
ENMs and natural particles, which will be discussed later in this review. 
5.2  Nanomaterials in the environment 
Arguably the largest obstacle to the detection and characterization of ENMs in 
environmental samples is the large proportion of naturally occurring nanomaterials and colloids. 
Their presence makes analyses of ENMs difficult for a variety of reasons. Because all particles 
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scatter light to some degree, light scattering methods will be rendered useless because of their 
non-specific nature. Similarity in chemical composition with NNPs can obscure the 
concentration of ENMs obtained by elemental analysis (inductively coupled plasma mass 
spectrometry (ICP-MS) and optical emission spectroscopy (ICP-OES)). Particle morphologies 
and sizes may also be similar, making non-specific sizing methods utilizing imaging (electron 
microscopy, particle tracking) and spectroscopy ineffective. In addition to the high background 
of naturally occurring nanomaterials, the environmental processes to which ENMs are subjected 
and subsequent transformations also make their detection and characterization challenging. 
5.2.1 Occurrence of natural nanomaterials 
Naturally occurring nanomaterials are present in essentially all environmental samples at 
mass concentrations ranging from 1 to 1000 mg L–1 in surface waters and 0.01 to 80 mg L–1 in 
marine environments.30 Comparatively, ENMs are expected to enter into the environment at 
much lower mass concentrations (ng L–1), several orders of magnitude below the concentration 
of natural materials.31, 32, 68 Natural colloids have been found to follow Pareto’s power law, 
implying a very broad size distribution and a high degree of polydispersity.33 Specifically, 
particle number concentrations increase logarithmically per decade of particle size decrease. This 
presumably will also be the case for natural nanoparticles over the three orders of magnitude (1–
100 nm) in the defined nanoparticle size range. This is in contrast to ENPs, which are often 
produced to have a specific mean size with a defined upper and lower boundary. NNPs vary in 
size, compositions and morphology (table 5.1) and can serve as interferences for detection of 
most engineered materials. 
Naturally occurring nanomaterials can be formed from different pathways either through 
mechanical erosion and weathering (top-down synthesis) or through precipitation and biogenic  
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Table 5.1 Potential NNPs interferences for ENMs in the environment 
Naturally Occurring 
Nanomaterial Chemical Composition Analogous ENM 
Clay (phyllosilicates) 
 
Variable Al, Si, O (other potential 
metal cations) 
Al2O3, TiO2, SiO2, CeO2 








Fe3O4 (Magnetite), Al2O3, 
zero-valent iron 
Metal sulfides Ag2S, ZnS, CdS 
Nano-Ag, ZnO, quantum dots 
(i.e. CdSe, CdTe) 
Humics, Biological 
materials (cells and 
detritus) 
Variable C, H, O, N, abundance of 




pathways (bottom-up synthesis).34-36, 166 These materials play an important role in a multitude of 
environmental processes ranging from nutrient and contaminant transport to soil stability.36, 167 
NNPs can further complicate the potential ENP fate and exposure by affecting the transport of 
these materials either by stabilising them in solutions (i.e. humic acid surface coatings) or 
accelerating the aggregation of these materials (i.e. NNP–ENP heteroaggregation).24, 25, 61, 62, 87, 
168, 169 NNPs interfere with the bulk chemical analysis of ENMs in environmental samples 
because of their similar elemental compositions. Heteroaggregation between NNPs and ENMs 
will also alter the effectiveness of separation-based methods such as field flow fractionation 
(FFF) and hydrodynamic chromatography (HDC) for characterizing NNPs. Similarities in size 
and morphology of NNPs and ENMs greatly complicate the application of imaging techniques 
such as electron microscopy. Clearly the abundance of these natural materials presents a 
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considerable, and possibly the greatest challenge to the detection and characterization of ENMs 
in the environment. New methods of ENP analysis must address this challenge, as well as be 
sensitive to the consequences of various environmental processes acting upon and altering the 
pristine nature of the ENMs. 
5.2.2 Transformation of ENMs 
In their initial pristine state, ENMs are generally chemically well defined. When used for 
highly engineered applications (e.g. nanomedicine, photonics) there are relatively monodisperse 
to maximize their desired function. Furthermore pristine ENMs often have specific, sometimes 
complex surface functionalities; in the simplest cases meant to prevent aggregation or facilitate 
incorporation into products. Conceivably these surface functionalities could be utilized in their 
detection and quantification. However, when exposed to the environment, several different 
chemical processes act upon these materials leaving them in an altered state that may be very 
different from their initial engineered or commercial form.71 This alteration makes the detection 
and characterization of these materials more difficult, and requires some knowledge of how these 
processes may have changed the nanomaterial, in order to identify the ENM of interest. The 
properties unique to ENMs as opposed to NNPs (i.e. monodispersity, well defined chemical 
composition, highly engineered surface coatings) are all subject to change upon entry into the 
environment. 
Dissolution and oxidation–reduction reactions can alter the original chemical structure of 
the ENM. Metal and metal oxide nanomaterials, made with soft metal cations (e.g. Ag, Zn, Cu), 
are particularly susceptible to these reactions and may undergo dissolution or complexation with 
strong ligands in the environment. Silver nanoparticles for instance may oxidise rapidly to Ag+ 
and in reducing environments form Ag2S, or in fully oxic environments reform into halogenated 
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insoluble precipitates (ie. AgCl(s)).
19, 20, 170 Other nanomaterials may form an oxide shell, altering 
the surface composition of the material and subsequently changing its physical and chemical 
properties.130, 171-175 In addition to chemical oxidation–reduction reactions, some materials may 
be susceptible to photooxidation and photoreduction, which can act to change the structure and 
properties of the ENM. Carbonaceous nanomaterials such as CNTs and fullerenes are prone to 
producing carboxyl and hydroxyl groups on its surface as well as generating reactive oxygen 
species (ROS) in the presence of sunlight.21 The chemical alteration of the ENP, possibly 
accompanied by size changes, require characterization techniques that can capture these changes 
and detection methods that remain sensitive to the ENPs. 
Changes to the engineered surface coatings of ENMs are expected to be commonplace in 
the environment. Coatings that are weakly bound to the surface to provide stabilization are 
expected to be removed with relative ease in environmental samples; whereas those covalently 
linked to the surface of the particle may be irreversibly bound and difficult to remove.176, 177 A 
major pathway that may cause the loss of coatings is sunlight exposure, as sunlight-catalyzed 
redox reactions can degrade some polymeric coatings present on ENMs.178 The loss of 
engineered polymeric coatings may induce instability and facilitate (hetero-)aggregation. 
Conversely, polymeric-like molecules may be present in the environment and upon sorption, are 
capable of imparting strong electrostatic charges and/or steric stability to the surface of the 
nanomaterial preventing aggregation. Humic substances in particular have been shown to 
overcoat or replace the surface groups of ENMs, and impart a strong negative electrostatic 
charge through the numerous carboxylic acid and phenolic groups intrinsic in their molecular 
structure.24, 25 Other small proteins and organic molecules have been known to interact with 
nanomaterial surfaces resulting in changes to the dissolution, reactivity and aggregation of the 
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ENMs.27, 179, 180 The presence of chemically unique surface coatings could conceivably be 
exploited for detection through techniques such as mass spectrometry. The alteration of ENP 
surfaces has the effect of removing this property as a means of ENP detection and 
characterization. 
 
Figure 5.2 Common nanomaterial coatings and surface groups. 
 
Lastly, the monodisperse nature of ENMs is not expected to persist in environmental 
matrices. As the surface coatings of ENMs are expected to be altered, over-coated or replaced in 
the environment, chemical constituents present in the environment can play a significant role in 
the transport and subsequently the detection and characterization of these materials. Aggregation 
is generally the result of the loss of repulsive behavior between particles, resulting in an 
attraction generated from van der Waals forces between particles. This can be brought on either 
by constriction of the electrical double layer in high ionic strength solutions, or bridging between 
particles by oppositely charged counter ions in solution.29, 181, 182 Many unique ‘nano’ effects are 
a function of the size and surface area of the ENMs (i.e. fluorescence, surface plasmon 
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resonance), these properties, and thus their use for ENP detection, may be lost upon aggregation. 
Heteroaggregation (aggregation between particles of dissimilar composition) is also expected to 
be a prevalent mechanism in the environment, which can further complicate the analysis of 
ENMs in environmental samples.61, 62, 72, 82 In particular, the presence of heteroaggregated ENMs 
leads to the need for further development of sample pretreatment methods such as chemical and 
mechanical dispersion and sample prefractionation by coarse filtration and/or centrifugation, e.g. 
the use of specific molecular weight cut-offs, or analytical centrifugation methods used for 
protein separation and characterization.183  
The current means of analyzing ENMs in environmental samples requires a multi-faceted 
approach as individual analytical methods are ill-equipped to address the various obstructions 
that arise in the analysis of these materials. Although a great deal of work has been performed to 
accurately assess ENM fate and behavior in the environment, there are still several obstacles to 
the application of existing nanometrology for environmental ENP quantification and 
characterization, and are currently a point of emphasis in environmental research. 
5.2.3 Current state of ENM analysis for environmental media 
Owing to the intricate nature of ENMs and their subsequent alteration in environmental 
samples, a multifaceted approach is required for the accurate determination of these materials, as 
ENP detection, quantification and characterization are all highly interrelated. An important 
characteristic to be determined is the size and polydispersity of the ENP. This analysis can be 
carried out for pristine ENMs in simple matrices, utilizing a variety of techniques, yet each have 
their inherent drawbacks when applied to environment samples. Dynamic light scattering (DLS) 
is the most commonly employed high-throughput method to measure nanoparticle size in 
aqueous dispersions, but is less useful for the analysis of polydisperse samples because of 
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difficulty interpreting the scattering signal. Being an ensemble technique, that is the instrument 
response arises from many particles, DLS is rendered essentially useless when interfering 
particles are present, as would generally be the case for ENMs extracted from environmental 
media.24, 25, 184 Direct coupling to FFF and HDC at least partially overcomes the problem of 
polydispersity and interfering particles by providing separation of different particle sizes and 
presenting narrow size fractions to the DLS detector.185, 186  
An emerging light scattering technique is nanoparticle tracking analysis (NTA), tracking 
the Brownian motion of particles to determine diffusion coefficients and subsequently the size of 
the nanoparticle. The particle is first detected by light scattering, and then the distance the 
particle travels from its initial position within a given time interval as determined by the frame 
rate speed of a charge-coupled device (CCD) camera. A modified Stokes–Einstein relationship is 
then used to calculate the hydrodynamic diameter according to the distance travelled by the 
particle. Additionally, particle composition might be determined by comparing scattered light 
intensity from particles of the same size. The major obstacle of NTA is choosing the appropriate 
track length to size a statistically relevant number of particles and attain an ample particle size 
distribution.118, 187, 188  
Electron microscopy (EM) techniques such as scanning (SEM) and transmission electron 
microscopy (TEM) are other very common analytical techniques, used in the sizing of 
nanomaterials. Unfortunately sample preparation for EM, as well as the imaging of the sample, 
requires that the sample be under vacuum, which may introduce artefacts that can alter the true 
environmental state of the ENM.188, 189 Some improvements have been made to preserve 
environmental sample integrity for EM imaging (i.e. WetSEM).48 However, EM methods are 
single particle methods, and as such a size distribution is built up one particle at a time. Although 
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this approach makes EM a low-throughput method even with automated image processing, it 
does offer the potential to size ENMs in the presence of interfering particles, something that DLS 
is incapable of. Obtaining size information by EM methods when background particles are 
present requires that morphological or chemical features of the ENP can still be used for 
identification of the ENP fraction of particles. As previously noted, environmental alteration of 
the ENMs may make this difficult. 
An emerging sizing technique is differential centripetal sedimentation (DCS), which can 
provide high-resolution size information if the density of the material is known. In a common 
DCS analysis (disc centrifugation), the sample is injected into a spinning disc filled with liquid, 
in which a density gradient is generated. The sample migrates towards the outside of the disc and 
passes through a beam of visible light, allowing for the absorbance with time to be converted 
into a diameter by Stokes law (assuming a spherical geometry). Although the analysis times are 
dependent on the polydisperisty and density of the sample, most analyses take place on the order 
of only a few minutes. This rapid analysis makes it an attractive technique for the sizing of 
nanomaterials. However, only a few samples may be run before the fluid in the spinning disc 
must be drained and replaced.190, 191  
Fractionation techniques such as FFF (Fl-FFF and Sed-FFF) and HDC can size 
nanomaterials in aqueous matrices, and for ENMs separated from soil or any solid matrix, and 
have the added benefit of providing size fractions for further characterization. However they 
should be considered ensemble techniques as many particles are eluting from the FFF or HDC at 
any given time. These methods can only distinguish between natural and engineered particles if 
differences in chemical composition can be utilized. The most commonly used approached for 
this chemical identification is FFF coupled to an element-specific detector (e.g. ICP-MS). FFF 
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and HDC are limited by extensive method development, high detection limits (dependent on 
detector), and non-ideal sample behavior during separation, which may require additional sample 
preparation and pre-fractionation steps.73, 89, 115, 192 Analysis times range from tens of minutes up 
to an hour, making it generally faster than EM analysis but still far from being a high-throughput 
approach. Single particle (spICP-MS), a very recently introduced technique, has the ability to 
size and characterize a range of metal and metal oxide nanomaterials in environmental matrices 
at low concentrations (ng L–1).54, 57-60 However, the size detection limit for this technique is 
dependent on the signal generated by the ablation of the nanoparticle, which may require a 
significant amount of ions to generate a recognizable intensity pulse. In addition, although its 
elemental specificity is a desirable attribute, it may be unable to differentiate between an 
engineered and naturally occurring nanomaterial of the same elemental composition.54, 57-59, 111, 
118 Despite the limitations of FFF-ICP-MS and spICP-MS, the use of these methods for ENP 
detection may be a significant step forward and will be elaborated upon in a subsequent 
discussion. 
ENP surface groups and surface charge are also properties that may be important to 
characterize for ENMs, as they will directly influence the fate and transport of these materials in 
the environment. Both NMR and IR spectroscopy have been used in this respect to characterize 
the surface functionality of ENMs, specifically FTIR has been used to study humic acid 
adsorption onto silica and magnetite nanoparticles.193-195 Yet, as previously discussed, the surface 
functionality of the ENM is subject to change upon exposure to the environment and may 
conform to the surface coatings of other naturally occurring materials in the system (i.e. humic 
acid coatings, biofilms). Surface charge is primarily determined through electrokinetic 
measurements and commonly reported as zeta potential for nanomaterials, but as an ensemble 
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technique, the determination of surface charge for a specific nanomaterial is not possible without 
a prior prefractionation step that could alter the representativeness of the environmental 
sample.24, 25, 184  
Other parameters such as particle number concentration and morphology are also very 
difficult to obtain in environmental samples. Particle counting techniques are obstructed by the 
higher number of naturally occurring particles. Aggregation of the pristine ENM may result in 
significant underestimates of particle number concentrations. Particle composition is subject to 
the many chemical reactions and processes that may severely affect the pristine and/or crystalline 
nature of the ENM, making it difficult to discern between natural and engineered analogues. 
Assessing the fate of ENMs requires an ability to assess chemical composition, oxidation 
state, and structure. X-Ray absorption spectroscopy (XAS) is presently the only established 
method that allows for in situ determination of these ENM properties in environmental samples, 
primarily for metal and metal oxides. The advantage of XAS over other techniques is that it is 
non-destructive, absorption spectra can be collected directly from wet samples, including soil, 
sediment and tissue, and it is element specific (i.e. you collect information only on a specific 
element in the sample such as cerium, silver or titanium). Disadvantages are that metal 
concentrations of 10 to 100 mg kg–1 are required in the sample to get adequate signal. However, 
with fairly simple sample concentration techniques (e.g. collection of fines from specific 
samples) the lower end of the detection limit may be extended. XAS provides an ‘average’ 
speciation of the specific element in the samples and therefore does not provide ENM specific 
information. ENMs made from very common environmental elements such as iron or aluminium 
could be difficult to characterise using XAS because of the presence of high background  
concentrations of that element. Some recent examples of the use of XAS to assess NP fate 
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- Introduction of artifacts from sample drying 
(TEM/SEM) 
- No elemental specificity (DLS) 
- Inability to differentiate between ENMs and 
NNPs of similar elemental composition (sP-
ICP-MS, TEM, SEM) 
- Obstructed by high background of natural 
particles (sP-ICP-MS, TEM, SEM, DLS, FFF) 
- Analysis of samples in 
situ  with minimal 
sample preparation 
- Elemental specificity to 
differentiate between 
dissimilar nanomaterials 
- Requires another 
measured property to 
differentiate between 






NMR, FTIR, zeta 
potential 
- Original coating may have been replaced or 
overcoated in the environment (NMR, FTIR, 
Zeta potential) 
- Ensemble techniques unable to characterize 
individual particle populations without prior 
fractionation steps (FTIR, NMR, zeta 
potential) 
- Ability to differentiate 
between different particle 
populations in situ 
- Knowledge of how 
surface groups are 
attached may help 






- Unable to distinguish aggregates from single 
particle without parallel imaging/sizing 
technique 
 
- Require knowledge 
pertaining to aggregation 






- Unable to discern particles of natural or 
engineered origins 
- May require acidification, eliminating 
particle integrity (ICP-MS, ICP-OES) 
- Sample preparation may alter sample 
representativeness 
-Concentration of ENM in sample may be too 
low (XAS) 
- Determination of 
elemental composition in 
situ with additional 
sample preparation (i.e. 
acidification) 
-Improve detection levels 
for X-ray based 
spectroscopy 
General Considerations 
Mass detection limit 
- ENMs are expected to enter into the environment at very low 
concentrations (ng L-1) 
Size detection limit - Most nanomaterials are between 1-100 nm (many smaller than 20 nm) 
Aggregation state 
- Most nanomaterials are not expected to preserve monodisperse state in the 
environment 
- Need ability to discern aggregated from single particle material. 
Naturally occurring 
nanomaterials 
- Concentration of NNPs in the environment are several orders of 
magnitude above that of ENMs (mg L-1 vs. ng L-1) 
- Some NNPs have similar elemental composition and morphologies to 
ENMs. 
- Natural nanoparticles tend to be very polydisperse and can interact with 
ENMs in the environment. 
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include the ZnO and Ag NP fate in wastewater treatment plants, the transformations of Ag NPs  
in a freshwater wetland mesocosm,153, 196-198 and speciation of ZnO, CuO and TiO2 NPs in wheat 
and cucumber plants exposed to these nanomaterials.199, 200 
An accurate determination of environmental ENP concentration is a necessary 
measurement for exposure assessment. Although size is arguably the most important physical 
characteristic of ENMs, chemical composition is not only an important ENP characteristic, but 
may also serve as the best means for determining environmental concentrations. Through 
differences in chemical composition, ENMs might be quantified in the presence of background  
particles. Particle counting techniques that are non-chemical specific, such as NTA, are 
compromised by the higher number of naturally occurring particles. Furthermore, aggregation of 
the pristine ENM may result in significant underestimates of particle number concentrations. 
Table 5.2 reviews current analytical approaches for characterizing ENMs in environmental 
samples as a framework for determining potential future directions, namely element specific 
methods (e.g. spICP-MS, FFF-ICPMS and XAS), for the detection, quantification and 
characterization of ENMs in the environment. 
5.3 New approaches 
Perhaps the most direct and robust means of characterizing and counting ENMs remains 
to be through visualization methods, most commonly by electron microscopy. Although this is 
relatively straight forward for simple systems, it is also obvious that visual identification is 
problematic for environmental samples as many naturally occurring nanomaterials share similar 
morphologies to commonly used ENMs. Figure 5.3A201 and 5.3B202 illustrates this issue using 
Fe2O3 as an example. Perhaps in some unique cases highly crystalline ENMs having complex 
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shapes might be discernible from more irregular natural materials, but as previously discussed, 
transformation of the ENPs may quickly alter this property.  
As a result, a better discriminating property may be elemental and isotopic composition, 
which might be used to differentiate naturally occurring and ENMs. Although the elemental 
composition approach might be obvious for nanoparticulate elements that are rare (i.e. Au, Ag) it 
may not be possible for more commonly occurring nanoparticulate elements. The hematite 
example (figure 5.3A) would seem to fit this case, as both materials contain primarily iron by 
weight. However, natural hematite is known to contain significant amounts of impurity elements 
including V, Ti, Mg and Ca, among others. In contrast, hematite prepared by precipitation in the  
laboratory (figure 5.3B) is low in impurity elements. The following sections provide hypothetical 
methodologies, and discuss challenges to using elemental composition data as a means to 
differentiate engineered and naturally occurring nanomaterials for the purpose of quantifying and 
characterizing ENMs in environmental samples. 
Figure 5.3 (A) Hematite (Fe2O3) Nanoparticles found in free drifting icebergs. Reprinted 
with Permission.168 Copyright (2011) Pergamon. (B) Aggregated alginate-
coated engineered hematite nanoparticles. Reprinted with Permission from169. 




5.3.1 Bulk elemental ratio approaches 
One possible method of detecting the presence of inorganic ENMs in a specific 
environment is to examine the elemental ratios of the nanoparticulate matter present in the 
system.38 NNPs in aquatic systems, as well as in soils and sediments, contain several elements, in 
ratios that may be specific to a given geographic location, which should be a fingerprint of the 
natural particle population and reflect the source materials (i.e. watershed soils or aquifer 
materials). This can be the result of the geology of the underlying rock from which most of the 
particles are formed, the sources of river sediments and sediment diagenesis, dissolution, 
precipitation, the heteroaggregation of several different minerals or the formation of surface 
precipitates or coatings on the particles. Furthermore, as previously discussed, even individual 
mineral phases may contain minor and trace element impurities that may display ratios 
characteristic of a geographic region or specific field site of interest. This can directly contrast 
with elementally and/or isotopically uniform anthropogenic ENMs.  
Nanoparticles prepared from bottom-up syntheses are likely to be either elementally pure 
(e.g. metal oxides, metals) or have fixed elemental ratios (e.g. CdSe/ZnS quantum dots (QDs), 
Al/Ti sunscreens). In the conceptual example illustrated below (figure 5.4), a natural system will 
contain an assortment of natural mineral particles that contain a certain ratio of two elements, in 
this example cerium and lanthanum. As particle concentrations vary, either temporally or 
geographically, the elemental concentrations may closely co-vary. If engineered cerium dioxide 
(CeO2) were introduced into the system in sufficient mass, the ratio will shift towards more 
cerium, as lanthanum is nearly absent in these ENPs. Application of the element ratio approach 
requires that the elemental ratios are determined specifically for the nanoparticulate fraction of 
the soil or sediment, or that the ratios established on bulk samples are identical to those in the 
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nano-range. Also, isolating the particulate fraction of the sample by filtration or centrifugation, 
followed by elemental analysis, will be required to improve sensitivity of the method. Whereas 
several techniques can provide elemental or phase data on solids (e.g. neutron activation, X-ray 
methods) the sensitivity and precision of ICP-MS will be needed for the concentrations of ENMs 
expected. 
 
Figure 5.4 Hypothetical scenario investigating bulk elemental ratios in a natural system and 
one impacted by engineered CeO2 nanoparticles. Natural data points (■, n = 805) 
come from the Geochemical Atlas of Europe showing a relationship between 
cerium and lanthanum.127 The red arrow represents a hypothetical situation where 
engineered cerium nanoparticles are introduced into the system at increasing mass 
concentrations, altering the Ce/La ratio 
 
The ability to detect ENMs through perturbations in the natural ratio depends both on the 
amount of ENMs introduced, the magnitude of the elemental ratio in the ENP and the NNP, the 




Figure 5.5 Comparison of Ce and La concentrations derived from the Geochemical Atlas of 
Europe and own data collected from creek catchments in Sweden, Germany and 
Austria. The much lower variation in the locally established ratios is clearly 
visible. 
 
nanoparticulate element and the ability of the MS to quantify the ratios with high precision. The 
analytical precision of the measurement on each element in the ratio will depend on several 
instrumental factors, including the sample processing procedures and the choice of ICP-MS (e.g. 
quadrupole, magnetic sector, multi-collector). The analytical methods likely contribute least to 
the uncertainties that limit the application. In general, high-resolution ICP-MS instruments can 
measure element ratios to 0.1 % (one part per thousand) accuracy. For a bulk sample analysis of 
element ratios, in order for an engineered CeO2 particle to be detected, it must contribute on the 
order of 1/1000 of the total Ce mass in a sample. If background particulate matter is in the 
milligrams per liter range, with Ce present as a few tenths of a percent of the particle mass, then 
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Ce from ENMs must be present in the range of a few tens of micrograms per liter. The practical 
application of a bulk isotope measurement for ENP detection at realistic environmental 
concentrations will likely depend mostly on the natural variability of elemental ratios in the 
system under investigation and the concentration of background particles. Figure 5.4 shows data 
for the correlation between La and Ce for natural waters across a wide geographic range of 
Europe. In principle engineered CeO2 would be detectable if it is introduced into European 
surface water in a quantity sufficient to shift the La/Ce ratio out of the 95 % confidence interval 
of the regression line. Based on the data presented in figure 5.4 concentrations on the order of 
0.1–5 μg L–1 are needed, depending on the total particulate Ce concentration. Focussing on a 
specific geographic site, or reducing the time-scale of investigation, might reduce this value, as 
localised Ce/La ratios are likely to be more constant than across a widespread region. This can be 
illustrated even by data retrieved from sites separated by large distances, but with similar 
characteristics. Figure 5.5 compares the Ce/La ratios for filtered surface waters (<0.45 μm) 
retrieved from the European Geological Survey with those locally established for small 
catchments draining peat bogs and wetlands in Germany, Sweden and Austria.127 Further data on 
variability of elemental ratios are needed to further evaluate the potential for success of the bulk 
elemental ratio approach. 
Although bulk elemental ratios may provide a method by which to monitor the presence 
of ENMs, it provides minimal information on the ENM properties, and is subject to a variety of 
environmental factors (e.g. redox, pH, etc.) that may alter the composition of the naturally 
occurring mineral population in the system, particularly if particle composition is influenced by 
heteroaggregation. Further characterization of the system may yield pertinent information such 
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as size and size distribution, which combined with the elemental ratios may facilitate ENP 
detection. 
5.3.2 Separation methods with elemental detection: FFF-ICP-MS 
In addition to taking advantage of differences in the elemental ratios between naturally 
occurring and anthropogenic nanomaterials, possible differences in the size distributions of 
nanomaterials might be utilized to improve the element ratio approach for differentiating ENMs 
from NNPs. For highly engineered ENMs, in the absence of heteroaggregation with natural 
nanoparticles, the expected size distribution is expected to be much narrower than background 
nanoparticulate and colloidal matter. If an approach to isolate and measure element ratios on 
only the size fraction of total particulate matter that overlaps with the ENP is applied, ENP 
detection may be facilitated. Although serial filtration or centrifugation are possible approaches, 
the superior size resolution of FFF is likely to prove more successful. Additionally the direct 
coupling of FFF to ICP-MS provides simultaneous separation and elemental analysis, unlike 
sequential batch fractionation approaches. This is particularly useful as environmental processes, 
particularly heteroaggregation, may alter the monodisperse nature of the engineered particles, 
preventing the identification of a monodisperse population of ENMs. This is potentially 
overcome by also employing chemical and/or mechanical dispersion in order to examine the 
primary particles present in the sample. 
The advantages of a front-end size fractionation coupled to element ratio measurements 
become apparent in the following example. Figure 5.6 demonstrates a possible scenario 
comparing a natural system where Ti- and Fe-containing minerals are present. The fractogram 
shows a hypothetical clay mineral with a broad distribution from ~200 to 800 nm. When 
engineered titanium dioxide nanoparticles are introduced, a narrow population of additional 
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titanium containing particles is detected in the fractogram, with no change in the iron 
concentrations. 
In this particular scenario we assume the background iron concentration is 30 μg L–1, and 
titanium background concentration is ~5 μg L–1, giving a Ti/Fe ratio of 0.2 as follows (equation 
5.1). 











      (5.1) 
An introduction of 50 nm (25–75 nm) of titanium dioxide nanoparticles at a 
concentration of 60 ng Ti L–1 will change the bulk ratio of titanium to iron in the system. 
Averaging the concentration across the entire size range, in this example 0–1000 nm, the 
difference between natural and perturbed environmental ratios is minimal (equation 5.2): 
2







        (5.2) 
However, if we use FFF we can determine the Ti/Fe ratio at specific size ranges, allowing 
for the potential identification of ENMs outside the natural elemental ratio. If in fact the 
conditions of this example are actually met, which are: the ENMs’ elemental size distribution is 
narrower than the natural distribution (questionable) and elemental ratios do not display much 
variation across the size distribution of the natural particle size range (likely), the FFF-ICP-MS 
approach will be more successful than a bulk elemental ratio approach. A database of bulk 
elemental ratios exists,127 which allows examination of future samples in order to observe 
perturbations indicative of the introduction of detectable levels of ENMs. However no such 
database exists for the size distribution of elemental ratios. If the size interval that is likely to be 
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affected by ENMs displays significant variation from the bulk ratio the method will be 
significantly affected. Successful application might be limited to site specific studies where a 
suitable ‘background’ sample can be characterized for its elemental ratio size distribution and 
compared to a potentially affected downstream site. 
 
Figure 5.6 Hypothetical FFF-ICP-MS fractogram comparisons of a natural systems 
containing both naturally occurring Ti- and Fe- containing minerals, and a system 
(right) that has been spiked with engineered TiO2. Naturally occurring colloids 
will generally be polydisperse resulting in a broad ICP-MS signal, whereas ENP 
populations tend to be monodisperse, resulting in a sharp increase in ICP-MS 




The absence of heteroaggregation between ENMs and natural nanoparticles and the 
ability of FFF-ICP-MS to differentiate these particles could be shown on a mixture of stabilized 
soil nanoparticles and colloids and a 30-nm gold nanoparticle dispersion (citrate-coated gold NPs 
of BBI, UK). Figure 5.7 shows the specific detection of the gold nanoparticles in the presence of 
the natural particles and also the absence of heteroaggregation because the gold ENMs are only 
found in their specified size region. 
 
Figure 5.7 FFF-ICPMS elemental distributions of soil derived natural nanoparticles and 
colloids mixed with Gold nanoparticles of 30 nm diameter. The Fe trace is used to 
show the size distribution of the natural particles, the Au trace is specific for the 
ENMs, since the background of Au in the natural sample is very low. 
 
5.3.3 Time-resolved elemental analysis: microsecond-spICP-MS 
In recent years, spICP-MS, has been used to detect and characterize engineered 
nanoparticles on a particle-by-particle basis in aqueous samples.57-59, 111, 118 Utilizing millisecond 
to microsecond dwell times, the count intensity arising from a single particle ablation event can 
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dissolved standards that relate elemental mass to count intensity. From the particle mass, a 
diameter can also be determined assuming the appropriate geometry. 
In addition to size information, determining the particle number concentration is a simple 
matter of counting the number of pulses and having knowledge of the sample flow rate and 
efficiency of the instrument’s nebulizer. Several advantages of this technique include the 
inherent specificity and selectivity of ICP-MS, which allows for detection and characterization 
down to environmentally relevant concentrations of nanograms per liter. This technique however 
can be hindered by two major obstacles: a high particle number concentration and low size 
detection limit. High particle number concentrations may result in ‘coincidence’, where two 
particles are ablated and detected within the same dwell time window. This results in the 
apparent detection of a particle with twice the mass, as opposed to two individual particles. 
Additionally, smaller particles may not possess enough mass to generate a detectable signal. 
Single particle ICP-MS so far has been used to characterize several metallic and metal oxide 
nanoparticles, but is limited in its ability to only monitor for one mass at a time. Recent advances 
may allow for differentiating between NNPs and ENPs. 
At conventional millisecond dwell times only one element can be selected by the 
quadrupole. Dwell times in the microsecond range allow for temporal detection of the 
nanoparticle as a distribution of pulse intensities, as nanoparticle events occur over the span of 
several hundred microseconds.63 These pulse intensities are then summed to equate to the overall 
pulse intensity for a single particle. This intensity is then converted into a mass and subsequently 
a diameter assuming a spherical geometry. In addition to size information, the number of pulses 
correlates to the particle number concentration present in the sample. 
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At these sufficiently low settling times, where the width of the nanoparticle pulse spans several 
hundred milliseconds, the quadrupole can switch from one mass to the other with a short settling 
time. As a result, two elements can be detected within the same particle. As a result, elemental 
ratios can be determined on a particle-by-particle basis.64 Naturally occurring nanomaterials may 
contain elemental impurities that can be detected by microsecond-spICP-MS and be used to 
differentiate from ENMs that may have fewer elemental impurities than their natural analogues. 
Figure 5.8 depicts the analysis of river water where the minerals detected contain an elemental 
ratio of cerium and lanthanum. Cerium oxide particles that have been spiked into the sample will 
not contain a lanthanum peak, allowing for differentiation from the naturally occurring clays and 
minerals. 
 
Figure 5.8 (Top) Analysis of a single naturally occurring clay particle which contains both 
cerium and lanthanum. (Bottom) Analysis of an engineered cerium oxide particle 






Figure 5.9 The resulting peak information (bars for Ce and La in the lower graph) when 
switching between masses of Ce and La. Dwell and settling times are all 100 µs, 
what can be considered as short for current instrumentation 
 
In addition to differentiating between particles containing different elemental ratios, ICP-
MS allows for the detection of isotopic ratios. As a result, the detection and characterization of 
isotopically labeled ENMs or those carrying an isotopic shift compared to natural particles is 
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possible on a single particle basis. Some ENMs may have complex core–shell structures, with 
multiple elements comprising the inner and outer fractions of the particle. 
Although many clay minerals in the environment will contain a mixture of elements, it is 
also likely that single metal oxides (e.g. CeO2, TiO2, Fe2O3) will be ubiquitously present. As with 
other techniques, this may require a thorough analysis of background concentrations of these 
particles to accurately determine the presence of ENMs. In this respect, significant deviations in 
the particle number concentration of these metal oxides may be a metric by which to identify the 
presence of anthropogenic nanomaterials. 
However, to make a multi-element, high speed spICP-MS analysis possible we need to 
reduce settling times (the time the spectrometer needs to switch to another isotope) to those 
much shorter than the currently encountered ones in the range on several tens of microseconds. 
The problem is pointed out in figure 5.9. The more often the spectrometer switches between 
masses, the more peak information is lost in these settling times in which no data are retrieved. 
This might end up in nearly total loss of the analytical information. Solutions are the decrease of 
settling times and the reconstruction of peaks by a convolution routine. 
5.4 Conclusion 
The development of accurate risk assessment models for ENMs will require the accurate 
determination of their fate and behavior in environmental samples. Currently this is limited by 
underdeveloped methodologies that can accurately characterize these materials with sufficient 
specificity and sensitivity. The magnitude of naturally occurring nanomaterials, and the 
environmental transformations of ENMs will lead to a complex aqueous mixture of these 
particles requiring a multi-faceted approach necessary to accurately identify and characterize 
ENMs in the environment 
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New, highly sensitive approaches utilizing differences in the elemental ratios of natural 
nanomaterials and likely elementally enriched ENMs may be a viable option for differentiating 
between these two kinds of nanomaterials. Accurate determination of elemental ratios in the 
background sample compared to affected sites may provide a means to identify the presence of 
ENMs, if the elemental ratio difference is statistically significant. This method can be improved 
by utilizing a front-end fractionation step (i.e. field flow fractionation) to monitor changes in the 
elemental ratio on a size-specific basis. Lastly, improvements in single particle mass based 
techniques (spICP-MS), may allow for the detection of elements on a particle-by-particle basis, 
providing a means to differentiate between complex naturally occurring nanomaterials and the 
more pristine ENMs. These proposed methodologies add to an ever-growing field of 
nanometrology. In order to develop useful life cycle assessments of ENMs for risk analysis, the 







6.1 Summary of Results and Implications 
 In order to accurately assess the environmental and human health risk of engineered 
nanomaterials, the design and implementation of sensitive and selective analytical techniques is 
of the utmost importance. These techniques will need to overcome several environmental 
challenges such the low expected release concentrations of ENMs (ng L-1), various 
environmental transformation that can impact their physicochemical state, and the ubiquity of 
naturally occurring nanomaterials in the environment. Beyond the detection of these materials, 
knowledge of how they interact with other environmental colloids and biota in natural systems 
will need to be addressed.  
 Heteroaggregation with NNPs in the environment can be expected to significantly impact 
the transport and fate of ENMs in the environment. As the work performed in Chapter 2 
demonstrated, the engineered surface coatings of ENMs will play a significant role in how these 
particles will interact with other particle and mineral surfaces in the environment. Additionally, 
the aqueous chemistry will impact the stability of these systems, lending to either enhanced 
aggregation in high ionic strength solutions or improved stability in systems containing high 
natural organic matter content. However, some of the nano-specific properties that may be 
exploited for detection in the environment (e.g. fluorescence) can be altered due to 
environmental transformations, reducing their usefulness as metrics for detection. Subsequently, 
analytical techniques that monitor more recalcitrant properties of ENMs may be more suitable 
for their environmental detection.  
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 Single particle ICP-MS has already seen extensive use as a premiere technique for 
sensitive and selective detection and characterization of ENMs in environmental samples. 
However, this technique has been limited by conventional millisecond dwell times, which make 
it unable to overcome high particle number concentrations and elevated background 
concentrations of dissolved analyte. The implementation of microsecond dwell times in Chapter 
3 demonstrate that faster data acquisition rates result in improved resolution between particle 
events and the ability to resolve nanoparticle events from higher concentrations of dissolved 
analyte. In addition, these microsecond dwell times, acquiring data on time scales comparable to 
a nanomaterials event, open the door for monitoring more than one element within a given 
particle event. These improvements not only extend the applicability of spICP-MS to a wider 
range of environmental systems, but may help in overcoming the significant interferences caused 
by the high background of NNPs in the environment.  
 Despite being a sensitive analytical technique for many elements, there are a number of 
molecular interferences that can hinder the detection and characterization of common ENMs 
such as silica and iron oxides. Chapter 4 examines various techniques capable of reducing or 
eliminating the dinitrogen interference for the detection and characterization of silica 
nanoparticles and microcolloids. Conventional means of reducing this inference, such as 
collision and reaction gases were employed; however, the advent of microsecond dwell times 
allows for the analysis of silicon without these gases. Treating the dinitrogen interference as a 
background analyte, these microsecond dwell times improve the signal-to-noise ratio as the data 
acquisition speed is increased. The ability to detect and characterize silica nanoparticles in the 
environment has significant implications for the assessment of environmental impact from 
industrial nanomaterials, such as those used in the semiconductor industry. 
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 There are several analytical techniques capable of detecting various ENMs in 
environmental samples, yet few are capable of differentiating between naturally occurring and 
engineered nanomaterials. It is likely that several orthogonal techniques will need to be 
employed to overcome the ubiquity of NNPs in the environment. Though nanomaterials possess 
various properties that can be exploited to differentiate between these two particle populations, 
elemental composition may be the most recalcitrant to environmental transformation. Using 
elemental ratios, it may be possible to discern the presence of ENMs in the environment from a 
high background of NNPs. Using either a bulk elemental approach or elemental analysis coupled 
with size fractionation (e.g. FFF, HDC) may provide some information about the presence of 
ENMs; but being able to quantitatively identify ENMs versus NNPs on a particle-by-particle 
basis using microsecond dwell times may be the most efficient means of detection and 
characterization in complex matrices.  
 Though significant strides have been made in the ability to characterize ENMs in 
complex environmental and biological matrices, more work still needs to be done. Techniques 
able to discern aggregated smaller particles from larger ones are still lacking and need to be 
developed to address important questions about transport and reactivity in the environment. In 
addition, current techniques capable of characterizing the shape of nanomaterials are few and the 
most common ones (TEM, SEM) require preparation steps that may introduce artifacts into the 
sample that can alter the representativeness. Lastly, the dynamic nature of nanomaterials can 
influence how we interpret (or misinterpret) ecotoxicology data, establishing the need for 
sensitive techniques capable of characterizing the physicochemical state of ENMs as their 
ecotoxicity is assessed. In addressing these challenges, a more accurate assessment of ENM 
ecotoxicity can be developed, leading to a more responsible development of nanotechnology. 
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6.2 Potential Future Research 
 The advent of microsecond dwell times opens the doors for several potential research 
projects, specifically monitoring the environmental transformation of ENMs. In addition to 
monitoring the growth of homoaggregates with time, the ability to monitor multiple elements on 
a particle-by-particle basis using spICP-MS may allow for the analysis of heteroaggregation. In 
doing so, a greater volume of information can be obtained pertaining to the size of the primary 
particles and the number of attached secondary particles present on an individual aggregates 
basis. This type of analysis may provide a better appreciation of how NNPs affect the transport 
of ENMs.  
 Additionally, the use of microsecond dwell times permits not only the detection of a 
nanoparticle event, but offers a time-resolved picture of how the ion cloud is detected. It stands 
to reason, that if an ion cloud were to navigate through the ICP-MS in a way specific to the 
initial shape of the ENM, it may be possible to use spICP-MS for the analysis of nanomaterial 
shapes. The first step in validating this procedure would be the analysis of equal volume (equal 
mass) ENMs and monitoring the number of time resolved pulses of intensity comprising the 
overall intensity of the ENM event. Being able to characterize the shape of ENMs in 
environmental samples has implications for not only understanding the toxicity and reactivity of 
the materials, but provides information on how environmental processes affect ENM shapes 
upon entry in the environment.  
 There are several other potential projects to expand the application of spICP-MS with 
microsecond dwell times. However, it is also important we continue to improve our current 
understanding of the technique and apply it to systems that further develop our understanding of 
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SUPPLEMENTALARY ELECTRONIC FILES 
 The data necessary to recreate the figures presented in this thesis are included in this 
thesis. Instruction on how to process this data is also included.  
Chapter 2: 
Heteroaggregation between 
quantum dots and hematite 
colloids: Implications for 
Nanomaterials Fate and 
Transport 
The data contained in this folder is the raw data necessary to 
reproduce the figures shown in chapter 2 of the thesis 
Figure 2.1.xlsx Hematite size as determined by dynamic light scattering. 
Graph diameter (x-axis) against intensity % (y-axis) 
Figure 2.2.tif TEM image of synthesized hematite obtained using  
Figure 2.3.xlsx 3D Fluorescence scan of QSH (-) CdSe quantum dots. Plot 
emission wavelength (x-axis) against excitation wavelength (y-
axis) with fluorescence intensity as the z-axis. 
Figure 2.4.xlsx Normalized plot of fluorescence intensity with time. Actual 
fluorescence intensities are included; to normalize, 
fluorescence intensities were divided by initial fluorescence 
and multiplied by 100. These values (y-axis) were graphed 
against time (x-axis) 
Figure 2.5.xlsx Normalized plot of cadmium concentration with time. Actual 
cadmium concentrations are included; to normalize, cadmium 
concentrations are divided by the cadmium concentration at 
time 0, and multiplied by 100. These values (y-axis) were 
graphed against time (x-axis). 
Figure 2.6.xlsx Normalized cadmium concentrations (x-axis) plotted against 
the normalized iron concentration (y-axis) in the quantum dot-
hematite mixtures. Actual concentration values are included; to 
normalized, divide concentration by concentration at time 0 
and multiply by 100. 
Figure 2.7.xlsx Time resolved dynamic light scattering data of quantum 
dot/hematite mixtures with time. Actual z-average radii are 
included; to normalize divide radius by radius at time 0 and 
multiply by 100. Normalized radius (y-axis) is plotted against 
time (x-axis) 
Figure 2.8.xlsx Plot of cadmium at 26hrs normalized to initial cadmium 
concentration in different media for both mixtures containing 
hematite and without hematite. Actual concentration values are 
included; to normalized, divide concentration by concentration 
at time 0 and multiply by 100. 26hr normalized cadmium 
concentrations (y-axis) are plot against media type (x-axis). 
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Figure 2.9.xlsx Zeta potential of quantum dot and hematite particles in 
different media. Zeta potential is plotted on y-axis with the 
different particle types plotted on the x-axis. 
Figure 2.10.xlsx Plot of fluorescence intensity (y-axis) against emission 
wavelength (x-axis). Each column represents fluorescence 
intensity with emission wavelength at different time points. 
Figure 2.11.xlsx Cadmium concentrations in different media for all three 
quantum dot types. Cadmium concentration is plotted on the y-
axis against the media (x-axis) for both filtered and spin 
filtered samples. 
Figure 2.12.xlsx Cadmium concentration in both filtered and unfiltered 
solutions. Cadmium concentration is plotted on the y-axis 
against media type (x-axis) for both filtered and unfiltered 
samples. 
Chapter 3: Improvement in 
the Detection and 
Characterization of 
Engineered Nanoparticles 
Using spICP-MS with 
Microsecond Dwell Times 
The following files contain the raw data necessary to recreate 
the graphs presented in Chapter 3 of this thesis. 
Figure 3.1 and 3.2_10ms 
dwell times 
This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved gold 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 
which are converted to size data according to single particle 
ICP-MS theory. 
Figure 3.1 and 3.2_3ms 
dwell times 
This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved gold 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 
which are converted to size data according to single particle 
ICP-MS theory. 
Figure 3.1 and 3.2_0.1ms 
dwell times 
This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved gold 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 
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which are converted to size data according to single particle 
ICP-MS theory. 
Figure 3.4 and 3.5_10ms 
dwell times 
This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved gold 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 
which are converted to size data according to single particle 
ICP-MS theory. 
Figure 3.4 and 3.5_3ms 
dwell times 
This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved gold 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 
which are converted to size data according to single particle 
ICP-MS theory. 
Figure 3.4 and 3.5_0.1ms 
dwell times 
This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved gold 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 




This .xlsx file contains raw data of 60nm silver nanoparticles 
analyzed by single particle ICP-MS with the quadrupole 
switching between silver isotopes 107 and 109. The counts are 
plotted on the y-axis and the time is plotted on the x-axis. 
Figure 3.8_Gold silver 
nanoparticles.xlsx 
This .xlsx file contains raw data of 60nm nanoparticles 
containing a 30nm gold core and a 15nm thick silver shell 
analyzed by single particle ICP-MS with the quadrupole 
switching between gold and silver isotopes (197 and 107 
respectively). The counts are plotted on the y-axis and the time 
is plotted on the x-axis. 
Figure 3.9_Ce La Clear 
Creek.xlsx 
This .xlsx file contains raw data of Clear Creek stream water 
analyzed by single particle ICP-MS with the quadrupole 
switching between cerium and lanthanum isotopes (140 and 
139 respectively). In addition, a sample spiked with 80-100nm 
CeO2 nanoparticles was also analyzed. The counts are plotted 
on the y-axis and the time is plotted on the x-axis. 
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Chapter 4: Methods for 
Improving the Detection 
and Characterization of 
Silica Nanoparticles by 
spICP-MS 
The following files contain the raw data necessary to recreate 
the graphs presented in Chapter 4 of this thesis. 
Figure 4.1_He cell gas This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 
which are converted to size data according to single particle 
ICP-MS theory. 
Figure 4.2_NH3 gas This folder contains various .xl files. The files marked 
“Dissolved standards” are used to generate a dissolved 
calibration curve. The files marked “nanoparticle standards” 
are replicates of the standard particle used to determine the 
transport efficiency according to single particle ICP-MS 
theory. The files marked “nanoparticle samples” is the raw 
data of the nanoparticle samples analyzed for these figures 
which are converted to size data according to single particle 
ICP-MS theory. 
Figure 4.3, 4.4, 4.5. 
4.6_microsecond dwell times 
This folder contains varios .xl files used to recreate figures 4.3-
4.6 for the microsecond data of silica nanoparticle analysis by 
spICP-MS. “Dissolved standards” are used to generate a 
dissolveda gold calibration curve. The files marked 
“nanoparticle standards” are replicates of the standard particle 
used to determine the transport efficiency according to single 
particle ICP-MS theory. The files marked “nanoparticle 
samples” is the raw data of the nanoparticle samples analyzed 
for these figures which are converted to size data according to 
single particle ICP-MS theory. 
Figure 4.7 These .xl files contain the export data for the CMP slurries 
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